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Abstract
Nature exhibits an enormous array of physical processes which exist on various
length scales. The length scale can significantly alter the physical properties of a
material. As an example, materials which are ferroelectric in the bulk may not be
ferroelectric below a critical size at the nanoscale. In addition, the size can also
affect the Curie temperature, the temperature above which a material is no longer
ferroelectric.
Structures can exist in zero dimensions, such as nanoparticles, in one dimension,
such as nanorods or crystal lines in glass, in two dimensions, such as thin films,
and in three dimensions, such as bulk single crystals. Creating structures in each of
these dimensions allows a wide range of capabilities. Nanocrystals have found use
in creating hybrid photovoltaics. Other applications of low dimensional structures
include the use of thin films as strain sensors or crystal lines in glass as optical
waveguides.
In this work, the femtosecond (fs) laser-induced growth of crystals in glass has
been explored due to the potential use of these crystals in glass for optical data
transmission. In particular, lithium niobate (LiNbO3) is of special interest due to
its favorable properties. Bulk LiNbO3 substrates have found widespread applications
in the creation of optical modulators, frequency converters, and acousto-optic filters.
LiNbO3 crystals in glass have previously been fabricated on both the surface of glass
via continuous wave (CW) laser irradiation and within glass via fs laser irradiation.
Previous works in forming LiNbO3 crystals in glass, however, have shown that a
significant problem remains where the fs laser precipitated crystals in glass possess
a noticeably non-uniform, polycrystalline structure. These results point to a need
1
to precisely control the interplay of nucleation and growth of crystals within the
dynamic heating profile induced by the laser. It requires a careful optimization of
fs laser parameters and glass composition. Taking into consideration the material
constraints and desired application for the crystal, one could then select between
various crystal growth modes such as an all-solid-state glass → crystal transforma-
tion produced by a heat profile that yields a convex crystal growth front ahead of
the scanning laser focus or a melt→ solid transformation that occurs with a concave
crystal growth front behind the scanning laser focus.
This work demonstrates the successful formation of single crystal LiNbO3 in
lithium niobosilicate (LNS) glass of effectively unlimited length, which is constrained
only by the homogeneity of the starting glass. The specific growth dynamics and
the confined nature of the crystal growth method lead to new phenomena in terms
of crystal orientation that can be studied in this high quality, highly oriented single
crystal line: (1) After nucleation, the crystal lattice rotates until its c-axis is oriented
along the laser scanning direction. (2) Once the crystal is oriented in this way, there
is a gradually varying misorientation of the crystal axis that is symmetric in regards
to the center of the crystal line cross-section. The latter observation indicates that
the parameters have been controlled such that the growth occurs upon heating in
a convex growth front ahead of the scanning laser focus. In addition, the latter
observation is expanded upon by detailing the potential application of these crystal
lines as graded index crystal waveguides in glass.
The lattice misorientation and rotation within the crystals in glass were system-
atically analyzed with regard to laser power, laser scanning speed, and composition.
There is an indication that the misorientation rate changes with laser scanning
speed, which can be attributed to the elongation of the temperature profile with
faster scanning speed. The rotation rate was correlated more weakly to the process-
ing parameters. There may be an indication of the glass composition with the least
glass former showing the highest proclivity towards nucleating a crystal near c-axis
orientation.
A systematic study of the effect of glass composition on fs laser-induced crystal
growth revealed that modifying the glass composition had a considerable impact on
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the crystal growth rate. With increasing amount of glass former, the crystal growth
rate reduced substantially. This was evidenced by a polycrystalline growth mode,
where the high nucleation rate of the glass allowed the formation of a crystal, but
the crystal growth rate could not keep up with the laser scanning speed, resulting
in a polycrystalline line with a series of crystallites on the order of microns. In the
glass with the higher amount of glass former, this polycrystalline growth mode was
reached at significantly slower laser scanning speeds.
Combined excitation emission spectroscopy revealed that Er incorporated into
fs laser-induced LiNbO3 in Er-doped LNS glass. This result shows that both fs and
CW laser-induced crystallization of Er-doped LNS glass can lead to the formation
of Er-doped LiNbO3 crystals. This is a promising step towards the realization of
multi-functional single crystals in glass within integrated optical devices.
Crystals such as LiNbO3, which are ferroelectric in their bulk single-crystal form,
have not been shown to preserve their ferroelectricity when formed as laser-induced
crystals confined in glass. This work demonstrates for the first time that fs laser-
induced LiNbO3 crystals in glass are ferroelectric by flipping their spontaneous po-
larization with a piezoresponse force microscope operating in switching spectroscopy
mode. The piezoresponse force microscope was also utilized to map the spatial vari-
ation of the piezoresponse in the crystals in glass. Using lattice orientation maps
of the crystals in glass acquired through electron backscatter diffraction measure-
ments, the piezoresponse of the crystals was correlated with their lattice rotation.
In addition, piezoresponse mapping showed that the as-grown crystals in glass do
not possess a uniform, single ferroelectric domain. Rather, the crystals possess
oppositely oriented domains at the nanoscale.
A zero-dimensional system was also studied in this work. In exploring batches
of lithium niobate nanocrystals made from different initial Li to Nb ratios (ρ) in
the synthesis step, a considerable variation in the final nanocrystal product as a
function of ρ was observed. For values of ρ < 50%, nanocrystals hardly formed,
resulting in large non-uniform clumps. The nanocrystal product improved with in-
creasing ρ, becoming a more homogeneous collection of spherical nanocrystals. The
nanocrystal stoichiometry was found to depend on the initial ρ in the synthesis step.
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This was identified by the peak widths of a Raman mode in the nanocrystals rel-
ative to a calibration from bulk single-crystal Raman spectra. Batches made with
ρ ≥ 55% were found in this way to be stoichiometric LiNbO3 (that is, the Li to
Nb ratio is 1 to 1). Thus, nanocrystals from these batches have presumably the
least defect content as would result from lithium deficiency. Batches with ρ ≥ 50%
and ρ < 55% were found to have a composition similar to that of congruent bulk
single crystal lithium niobate (i.e. somewhat Li deficient). The Raman spectra also
indicated the formation of an additional phase, thought to be LiNb3O8, in batches
with ρ ≥ 55%. Raman spectroscopy also allowed for the identification of the pre-
dominant orientation of the liquid suspended nanocrystals within the optical trap.
Nanocrystals principally oriented with their c-axis parallel to the laser propagation
direction. This is due to the strong interaction of the laser polarization with the
dipoles induced in the direction perpendicular to the c-axis.
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Chapter 1
Introduction
1.1 Motivation
A particularly intriguing application of ferroelectric crystals in restricted environ-
ments is the use of fs laser written crystals in glass for photonics applications.
Similar to the strong push towards miniaturization and monolithic integration of
electronic components onto a single platform, there is an interest in developing a
photonics analog to the integrated electronic circuit. One compelling method for
creating this analog is by developing single crystal architectures in glass through
spatially selective laser-induced heating.
These crystals in glass can take on passive and active functions within the pho-
tonic integrated circuit. They can act as the analogue to wires in an electronic
circuit, being used as waveguides which confine light signals and transmit them
from one photonic component to the next. Besides this passive function, the func-
tionality of the crystals in glass can be further increased. They can be doped with
rare earth ions [1], opening up their potential use as laser media. The possibility
also exists for these crystals to be used as electro-optic modulators and nonlinear
frequency converters. Their use as modulators and frequency converters relies on
the controlled growth of oriented nonlinear crystals.
Many crystals have been fabricated through CW and fs laser-induced heating
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of the host glass. While crystal growth induced via CW laser heating is limited
to the glass surface, fs laser-induced crystallization allows for crystal growth deep
inside the glass. The use of fs lasers to alter the properties of a host material has
opened an opportunity for expanding integrated optics into dense, 3D geometries.
Single crystal waveguides in glass; amorphous waveguides in glass; and depressed
cladding, type I, and type II waveguides in bulk single crystal are all made possible
by the spatially selective nonlinear absorption of fs laser irradiation in transparent
materials. Crystals can be nucleated and grown because the high repetition rate of
the fs laser leads to heat accumulation, which produces temperatures in and around
the focal volume from hundreds to thousands of Kelvin. The ability to produce
ferroelectric crystals in glass, such as LiNbO3, opens the opportunity to utilize
their large linear electro-optic effect and optical nonlinearity for use in electro-optic
modulators and nonlinear frequency converters.
A very important step has been made towards realizing these applications with
the first demonstration of a fs laser-induced single crystal LaBGeO5 waveguide [2].
It would be interesting to expand upon what has been learned in the LaBGeO5
system by exploring crystallization in other glasses. One such system of interest
is lithium niobosilicate glass, from which LiNbO3 crystals form. LiNbO3 is sold
commercially as an electro-optic modulator and in periodically poled form (allowing
it to be used as a frequency converter), owing to its very favorable electro-optic
and nonlinear optic coefficients. While the formation of LiNbO3 crystals in lithium
niobosilicate glass has been explored by others, creating single crystal LiNbO3 has
remained elusive.
Before reaching the point of testing a prototype of these devices using a crystal in
glass, more needs to be understood about controlling the formation of single crystals
in glass. In a laser-heated volume, if the center of the heated region is tuned to an
optimal temperature for crystal growth, then the surroundings will be at an optimal
temperature for nucleation, since the peak nucleation temperature is lower than the
peak crystallization temperature. As a result, unwanted nucleation occurs in these
peripheral regions, resulting in polycrystalline growth. Incongruent growth, such as
that of LiNbO3 formation in lithium niobosilicate glass, may suppress this nucleation
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since the surroundings will not be the right composition for growth. Thus, it would
be interesting to explore how the nucleation and growth of crystals is affected by
the composition of the host glass.
Ferroelectric crystals in glass are an example of a one-dimensional structure. The
dimensions can be reduced one step further to zero-dimensional. An example of a
zero-dimensional structure is a ferroelectric nanocrystal. Ferroelectric nanocrystals
show promise in supplementing materials such as liquid crystals [3] and polymers [4].
A hybrid material is created where the nanocrystals improve an essential property
of the primary material, for example, the photoconductivity of a polymer [4]. An
important aim is to improve some property of the primary material without any
noticeable drawback due to the nanocrystals’ presence. For the nanocrystals to fulfill
this purpose, there should be a uniformity of the resultant nanocrystal product in
terms of morphology, stoichiometry, and phase.
This work will explore LiNbO3 nanocrystal batches made from different initial
Li to Nb ratios as well as the formation of LiNbO3 crystals in lithium niobosilicate
glass to achieve the aims listed in the next section.
1.2 Objectives and Questions
In exploring lithium niobate nanocrystals made from batches with different Li to Nb
ratio, Raman spectroscopy and imaging with a scanning electron microscope will be
used to answer the following questions:
1. Can the final nanocrystal product be controlled by varying the initial stoichio-
metric ratio of Li to Nb?
2. Which properties among stoichiometry, phase, and morphology of the final
nanocrystal product can be controlled by the initial stoichiometric ratio?
3. What initial stoichiometric ratio produces the best batch of nanocrystals for
applications?
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4. In an optical trap, what is the predominant alignment of the nanocrystals,
and what is the mechanism for this alignment?
The examination of lithium niobate crystals formed by fs laser irradiation of
lithium niobosilicate glass will utilize Raman spectroscopy, electron backscatter
diffraction, and luminescence spectroscopy to answer the following questions:
1. What parameters of laser power and scanning speed result in the formation of
single crystal lithium niobate?
2. Does the formation of other crystal phases besides lithium niobate occur?
3. Does altering the composition of the host glass affect the fs laser-induced
nucleation and growth of lithium niobate?
4. How does the nucleation behavior of lithium niobate by fs laser-induced heat-
ing compare to conventional heat treatment in a furnace?
5. In the growth of crystal lines, is the growth mode similar to the simultaneous
growth modes that Stone observed in LaBGeO5 [2]?
6. Are there signs of lattice rotation in the crystal lines, and if so, is this lattice
rotation similar to that observed by Savytskii et al. during surface crystalliza-
tion of Sb-S-I glass [5]?
7. Is there a predominant orientation in which the crystal in glass nucleates?
8. Are the lithium niobate crystals in glass ferroelectric?
9. Do the piezoelectric properties correlate with the lattice orientation of the
crystals in glass?
10. If the lithium niobosilicate glass is doped with Er, will Er be incorporated into
the fs laser-induced crystals in glass?
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Chapter 2
Background
In this chapter, the background information that places this work into context will
be reviewed. One application of lithium niobate crystals in glass is to use them
as nonlinear frequency converters, so nonlinear optical behavior will be discussed.
Lithium niobate in different forms is the focus of this work, so an overview of its
properties, as well as the properties of a glass which crystallizes into it, lithium
niobosilicate, will be reported. The phenomena of crystal nucleation and growth
are reviewed, and the formation of nonlinear optical crystals via laser heating is
discussed. Another potential application of lithium niobate crystals in glass is to
use them as gain media via rare earth doping, so some properties of Er are discussed.
2.1 Nonlinear optical behavior
In a material, such as a dielectric, the application of an electric field leads to the
separation of positive and negative charges in the material. This separation of
positive and negative charge is referred to as a dipole. The electric field induces a
dipole moment per unit volume, known as the polarization. For low field strengths,
the polarization is linearly proportional to applied electric field:
~p (1)(t) = χ (1) ~E(t) (2.1)
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where χ (1) is the first-order (linear) susceptibility of the material. The time depen-
dence may arise in the case of an oscillating applied electric field as produced by
electromagnetic radiation. The oscillating electric field of light drives the oscillation
of the induced dipoles, which in turn radiate light at the same frequency as the
incoming radiation.
If the incident light possesses sufficiently high intensity, then eq. 2.1 is not
a sufficient description of the induced polarization. There are polarization terms
which depend on higher powers of the applied electric field, and these terms become
significant at high intensities (since the electric field is proportional to the square
root of the intensity). The nonlinear polarization is given as [6]:
~p(t) = ~p (1)(t) + ~p (2)(t) + ~p (3)(t) + ...
= χ (1) ~E(t) + χ (2) ~E2(t) + χ (3) ~E3(t) + ...
(2.2)
where χ (2) and χ (3) are the second and third-order (nonlinear) susceptibility tensors,
respectively. The nonlinear terms contain higher powers of the electric field ( ~E2,
~E3, ...), meaning that the electromagnetic fields present in the nonlinear material
can interact with each other. Thus, besides dipoles oscillating at the same frequency
as the incident light, there are induced dipoles radiating at other frequencies due
to these nonlinear terms. The second-order nonlinear susceptibility of a material
can cause difference frequency generation, sum frequency generation, and second
harmonic generation (a special case of sum frequency generation). In the case of
difference and sum frequency generation, if electric fields oscillating at f1 and f2
interact in the nonlinear material, then electric fields oscillating at f1 − f2 and f1 +
f2 can be formed. Second harmonic generation, the formation of an electric field
oscillating at frequency 2f, occurs when f1 = f2 = f. The third-order nonlinear
susceptibility of a material can cause third harmonic generation, the generation of
an electric field oscillating at 3f.
These nonlinear processes are subject to the conservation of energy. In the case of
second harmonic generation, two photons of energy hf are destroyed, and a photon of
energy h(2f) is created. In addition to needing to satisfy conservation of energy, there
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is also a phase-matching condition. In the case of a three-wave mixing process like
sum frequency generation, the phase-matching condition states that the wavevector
of the created photon must equal the sum of the wavevectors of the two photons that
are destroyed. In other words, the wavevector mismatch, ∆~k = ~k1 + ~k2 − ~k3, must
be zero. Noting that k = 2pinf/c, it is apparent that the phase-matching condition
can be difficult to achieve given the change in refractive index of the material with
frequency. Without satisfying this condition, the efficiency of a particular frequency
conversion process is low.
To overcome the wavevector mismatch, there are a few possibilities that have
been employed. If a material is birefringent, then the polarization of the interacting
electric fields can be oriented along different axes in the crystal to compensate
for the dispersion. Another method is referred to as quasi-phase-matching, where
the orientation of a crystal axis is periodically flipped, leading to a change in a
nonlinear coefficient, such as χ (2). This periodic change in the coefficient adds an
additional wavevector to the wavevector mismatch, making it easier to satisfy the
phase-matching condition. For a specifically desired frequency conversion process, a
proper choice of the spatial frequency at which the crystal axis is flipped will allow
the phase-matching condition to be satisfied.
Not all materials possess all the nonlinear susceptibilities. While all materials
possess χ (3), centrosymmetric materials do not possess χ (2). Non-centrosymmetric
crystals, such as lithium niobate, are thus capable of second-order nonlinear pro-
cesses that glasses and centrosymmetric materials are not capable of.
In addition to frequency conversion, another nonlinear effect worthy of men-
tioning is the electro-optic effect. The electro-optic effect causes a refractive index
change in response to a DC electric field. This change can be linearly proportional
to the electric field (Pockels effect), or it can be proportional to the square of the
electric field (Kerr effect). The Pockels effect only occurs in non-centrosymmetric
materials, while the Kerr effect occurs in all materials. The electro-optic effect is
used in applications such as electro-optic modulators, where the amplitude, phase,
or polarization of propagating light can be altered by an applied electric field.
The use of non-centrosymmetric materials allows the realization of certain special
11
processes such as second harmonic generation or strong electro-optic modulation. A
non-centrosymmetric material such as lithium niobate, for instance, is commercially
used for its electro-optic properties. The formation of lithium niobate crystals in
glass is then an interesting prospect, as it can be employed in photonic integrated
circuits as an electro-optic modulator or frequency converter, in addition to being
used as a waveguide.
2.2 Properties of lithium niobate
Lithium niobate in different forms (nanocrystals, crystals in glass) will be explored
in this work, so it is important to have an understanding of its physical properties.
Lithium niobate is a negative uniaxial crystal [7], transparent from 300 nm to 5000
nm [8], and possessing excellent electro-optic, piezoelectric, and nonlinear optical
properties. A thorough listing of its physical properties can be found in ref. [7].
Applications of this material include its use as a high-speed electro-optic modulator
and frequency converter [9].
Some of the most important properties of lithium niobate (such as linear electro-
optic effect and second-order optical nonlinearity) owe to the fact that it is a fer-
roelectric and thus, lacks inversion symmetry. It exhibits ferroelectricity up to its
Curie temperature, which is quite close to its melting temperature. The Curie
temperature varies with composition from 1140◦C-1200◦C [10]. Above the Curie
temperature, lithium niobate is in the paraelectric phase and possesses inversion
symmetry. In the paraelectric phase, the average position of Nb is in the center
of oxygen octahedra, and the average position of Li is in the center of an oxygen
plane. In its ferroelectric phase below the Curie temperature, Nb and Li are shifted
along the c-axis away from the positions they inhabit in the paraelectric phase. The
position of Nb is shifted 26-27 pm away from the center of the oxygen octahedra and
Li is shifted 44 pm away from an oxygen plane [11]. In lithium niobate, the oxygen
octahedra are connected at their faces along the c-axis, and the octahedra are filled
according to the pattern: Li, Nb, vacancy, Li, ... Figure 2.1 shows the positions of
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Li and Nb in lithium niobate for the paraelectric and ferroelectric phases.
Lithium niobate single crystals most easily form in the congruent composition,
which is lithium poor (48.6 mol% Li2O) [12]. This lithium deficiency results in the
formation of defects in the crystal lattice. In addition to the spontaneous polariza-
tion inherent to lithium niobate in the ferroelectric phase, there is an electric field
due to dipoles associated with these defects [10, 13]. The structure which creates
these defect dipoles has been confirmed through experimental [14] and theoretical
[15] investigation to be Nb on a Li site, charge compensated by 4 Li vacancies
in a tetrahedral coordination. To limit the formation of these defects, there have
been attempts to make stoichiometric lithium niobate using a variety of methods.
Near stoichiometric lithium niobate has been made by a double crucible Czochral-
ski method [16], vapor transport equilibration method [17], and by pulling from a
potassium containing melt [18].
A defining property of a ferroelectric material is the ability to switch the direction
of its polarization [9]. This is achieved by applying an electric field opposite the
direction of the spontaneous polarization. At a high enough switching field, the
polarization flips. This is referred to as poling, and for lithium niobate, the strength
of the applied electric field depends strongly on the crystal composition (varying
from roughly 20 kV/mm for a congruent sample to 5 kV/mm for a stoichiometric
sample) [10].
Areas of uniform polarization within a ferroelectric material are referred to as
domains, and a boundary dividing two domains is referred to as the domain wall.
Lithium niobate possesses C3v point group symmetry, so the spontaneous polariza-
tion can only be directed along the c-axis [9]. As a result, the domains of lithium
niobate can point in two anti-parallel directions.
One method for making lithium niobate an efficient nonlinear frequency converter
is to periodically pole it [9]. A periodically poled lithium niobate sample has domains
with alternating direction. The alternating sign of the nonlinear optical coefficient,
d33, compensates for the wavevector mismatch due to the dispersion of the material.
The period of the structure can be changed according to the desired frequency
conversion scheme, allowing for wavelengths throughout the transparency range of
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lithium niobate to be accessed.
2.3 Properties of lithium niobosilicate glass
Lithium niobosilicate glass has been explored in previous works due to the ability
to form LiNbO3 crystals through laser irradiation [19–28]. Both Er-doped [20] and
undoped glasses have been fabricated. The glass transition temperature varies with
the amount of SiO2 between 550 and 570
◦C. The peak crystallization temperature
also varies with the amount of SiO2 between 660 and 720
◦C. Glasses formed by the
melt-quenching technique exhibit nanoscale phase separation into LiNbO3 and SiO2
rich phases [29].
Lithium niobosilicate glass does not form at any arbitrary selection of the amount
of Li, Nb, and Si. In fig. 2.2, glass forming regions are reproduced from refs. [27] (fig.
2.2 (a)) and [30] (fig. 2.2 (b)). In fig. 2.2 (a), black and blue dots correspond to the
formation of glass while red and green correspond to crystal formation. In fig. 2.2
(b), the black elliptical ring represents the glass forming region, with various glass
compositions that had been tested represented by smaller rings. In each diagram,
the compositions explored in this work are superimposed as colored circles (fig. 2.2
(a)) and dots (fig. 2.2 (b)).
2.4 Nucleation and growth of crystals in glass
In order for crystallization of glass to occur, there must first be the formation of
nuclei. Such a circumstance is actually avoided in the formation of glass from the
melt-quenching technique, where the melt is cooled rapidly enough to reduce the
time for formation of these nuclei. While the crystalline state is energetically favored
over the glassy state, the process of crystallization relies on kinetics. Nucleation and
crystal growth rates determine whether the rate of cooling from the melt is large
enough to prevent the nucleation and growth of crystals.
Fig. 2.3 shows a schematic of crystal nucleation and growth rate curves. The
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nucleation rate maximum occurs at a lower temperature than the growth rate max-
imum, but there is some overlap between them. Without any nuclei, there can be
no growth, so if the objective is to form a glass when cooling from a melt, then
it is necessary to pass through this overlap region quickly to form a pristine glass
sample. If the cooling occurs too slowly, sufficient time will be spent in the overlap
region, allowing nuclei to form and grow.
There are two types of nucleation which can occur: homogeneous and het-
erogeneous nucleation. Homogeneous nucleation can occur with equal probability
throughout the glass and requires the formation of nuclei of a critical size to move
on to the growth step [31]. If the size of the nucleus is below the critical size, the
nucleus is unstable and dissipates. Heterogeneous nucleation refers to nucleation at
some interface, such as the glass surface or a defect within the bulk of the glass. Het-
erogeneous nucleation occurs more easily than homogeneous nucleation, and such
nucleation has been proposed as the mechanism for crystal formation in LaBGeO5
glass using a fs laser [32, 33]. The formation of crystal phases besides LaBGeO5
or the formation of voids near the bottom of the fs laser modified region were the
heterogeneous nucleation sites at which LaBGeO5 crystals favorably formed.
If cooling from the melt, there must be sufficient time spent in the overlap
region between the nucleation and growth rate curves to allow for the nucleation
and growth of a crystal. This can be termed growth upon cooling. There is an
alternative growth mode where the sample is heated from ambient temperature. In
this case, the nucleation rate curve is passed through first, and then an optimal
temperature is chosen to allow for crystal growth. This can be termed growth upon
heating. Previous works on laser-induced crystallization of glass have proposed these
phenomena to describe their observations [2, 34].
In ref. [2], the model for crystal growth in LaBGeO5 explained that these two
growth modes occurred simultaneously. Crystal growth at the periphery, alongside
the melted region at the fs laser focus, occurred upon heating and parallel to the
maximum crystal growth rate isotherm. The second growth mode occurred behind
the laser focus. After the scanning laser focus melted a region and passed by, there
was subsequent cooling from the melt which allowed for the nucleation and growth
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of a crystal. In ref. [34], the solid-solid glass to crystal transformation of Sb2S3
crystal in Sb-S-I glass was reported. In this case, crystal growth occurred upon
heating ahead of the scanning laser focus. Chapter 5 in this work will describe the
growth of LiNbO3 crystals upon heating ahead of the scanning laser focus.
2.5 Laser modifications of materials
Lasers are able to process materials in a variety of ways leading to an expansive set
of applications. Ultrafast lasers can cause ablation, crystallization, melting, amor-
phization, formation of cracks and voids, etc. A particular benefit of femtosecond
lasers is that the time for energy transfer from light to electrons and electrons to
the lattice occurs on femtosecond and picosecond scales, respectively, while the time
for heat diffusion occurs on microsecond scales [35, 36]. This results in high spatial
control over the laser affected region, allowing for the creation of sharp microstruc-
tures and nanostructures. The intensity dependence of laser-matter interactions also
means the length scale of these structures can exceed the diffraction limit. Ultrafast
laser micromachining is a very useful tool as a result of these features, allowing for
precision micromachining of the surface, formation of nanogratings, refractive index
modification of glasses and crystals, and fabrication of microfluidics [35]. Applica-
tions of this machining process can be found in optics and biology. Below, advances
in the creation of optical devices using ultrafast lasers are highlighted.
2.5.1 Waveguide formation using a laser
The possibility to fabricate optical waveguides by altering the properties of a host
material with a laser is an intriguing prospect for the creation of complex photonic
circuits. There are a variety of waveguides which can be fabricated, including crys-
tals in glass (to be discussed in the next section), amorphous, type I, type II, and
depressed cladding waveguides.
An early work in the formation of amorphous waveguides showed that such
waveguides could be fabricated in silica, borosilicate, fluoride, and chalcogenide
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glasses [37]. Using an 800 nm laser outputting 120 fs pulses at 200 kHz, the laser
was focused into the glass sample, which was translated at 20 µm/s to form a laser
modified line. The laser modified region remained amorphous but increased in den-
sity. This led to an increase in the refractive index and allowed the modified region
to be used as an optical waveguide. By adjusting the laser power, laser modified
regions of varying diameter could be made, which allowed an optimal diameter
for single mode propagation in the near-infrared to be selected. One drawback to
amorphous waveguides is that they lack the anisotropy necessary for certain device
applications, such as frequency doubling.
Pulsed lasers are not only capable of modifying amorphous samples but are also
capable of modifying bulk single crystals. Several different method have been de-
vised to create waveguides in bulk single crystals. Type I waveguiding structures
are created by using a pulsed laser to write a single modified track in the crys-
tal. The irradiated region experiences a refractive index increase and acts as the
waveguide core [38, 39]. These structures have the drawback that annealing the
sample can wipe out the refractive index modification, and the bulk properties can
be significantly altered in the waveguiding core [39].
Rather than have the region that is irradiated by the laser also act as the waveg-
uiding core, an alternative approach is to induce a waveguiding structure by pat-
terning damage tracks in the crystal and using the regions near the damage for
waveguiding. This is what is done in the case of type II waveguides, where two
parallel damage tracks are written in close proximity at a higher pulse energy than
is needed to induce type I waveguides. The damage tracks experience a refractive
index decrease and induce strain between the tracks. The strain causes a positive
refractive index change between the tracks, and along with the reduction in refrac-
tive index within each track, a waveguiding core is created [39, 40]. These structures
have the benefit of preserving the properties of the crystal in the waveguiding region.
Type II waveguides have been used to create an electro-optic modulator [40].
A third waveguiding structure in bulk single crystals that can be formed is the
depressed cladding waveguide. This structure is similar to type II in that damage
tracks are written to create a waveguide core. Instead of writing two parallel tracks, a
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large number of lines are drawn that circumscribe the core. The decrease in refractive
index of the damage track region allows light to be confined in the circumscribed
region [39, 41].
Laser-induced crystallization of glass offers unique benefits over the methods
listed above. Compared to amorphous waveguides, crystallization of glass allows
for the formation of nonlinear optical crystals, whose properties are not present
in an amorphous material. Compared to the type I, II, and depressed cladding
waveguides, crystallization of glass may offer some level of control of the orientation
of the laser-induced crystal. In the type I, II, and depressed cladding waveguides,
the bulk single crystal has a fixed orientation. For crystals in glass, the orientation
of the crystal can potentially be controlled (e.g. lattice rotation) allowing for unique
capabilities over these other waveguiding structures.
2.5.2 Laser-induced crystallization of glass
A promising route for the creation of waveguiding structures that can be used in
passive and active photonics is to create crystal lines in glass. Crystals lines can be
patterned in glass using a continuous wave (CW) or femtosecond (fs) laser. Each of
these lasers exhibits a different absorption mechanism in the glass, leading to heating
and crystallization near the focus of the laser. The absorption and crystallization
process using each of these lasers is discussed in this section. In addition, the
progress in forming different functional crystals in glass using each these two types
of lasers is summarized.
The basis of the process of crystallization of glass is the transfer of energy from
the laser to the glass. This occurs through ionization and a transfer of energy
from excited electrons to phonons, thus increasing the temperature of the material.
Heating up from a solid glass or cooling down from a melt to the nucleation and
crystallization temperatures leads to the nucleation and growth of crystals in the
glass.
To understand the absorption process, a look at the equation describing the
attenuation of light is helpful [42]:
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dI
dx
= −αI − βI2 − γI3 − ... (2.3)
This equation is generalized from the Beer-Lambert Law, which describes the
linear absorption of light by a medium. Equation 2.3 can be reduced to the Beer-
Lambert law by ignoring all but the first time on the right-hand side. The additional
terms correspond to nonlinear absorption by the medium. The power of the inten-
sity relates to the number of photons absorbed (i.e. I2 corresponds to two-photon
absorption, I3 corresponds to three-photon absorption, etc.). These terms become
significant when the intensity of light is high enough. How this equation influences
the absorption in the cases of CW and fs laser irradiation of glass will be discussed
below.
Continuous wave laser-induced crystallization of glass
CW laser heating is a linear absorption phenomenon, so the higher order terms in
eq. 2.3 can be ignored. In oxide glasses, dopants such as rare earth or transition
metal ions are added into the glass and are responsible for the linear absorption. In
the case of rare earth [43] (transition metal [44]) doping, absorption of light causes
f-f (d-d) transitions and subsequent non-radiative relaxation, which leads to heating
of the glass. In chalcogenide glasses, above bandgap absorption leads to the transfer
of energy from the laser to the material. For both types of glasses, linear absorption
limits the growth of crystals to the 2D surface because the laser intensity decreases
with further penetration into the bulk of the glass. In transition-metal-doped oxide
glasses, it has been suggested that the depth at which crystals can be written can be
controlled by where the transition metal ions are reduced [44]. In the chalcogenide
glasses, the depth of crystal growth can be controlled by the laser wavelength relative
to the absorption edge (i.e. tuning the absorption coefficient).
Laser-induced crystallization of glass using dopants for absorption has been
achieved by doping the glass with rare earths such as Sm [43] and Dy [45] and
by doping the glass with transition metals such as Cu [21], Ni, Fe, and V [44].
The lasers that have been utilized are Nd:YAG lasers operating at 1064 nm and
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Yb:YVO4 fiber lasers operating at 1080 nm, which are near peaks in the absorption
spectrum for the above mentioned ions. Using these dopants and a focused laser
to induce spatially localized heating at the surface of the glass has been named
rare-earth-atom heat (REAH) processing and transition-metal-atom heat (TMAH)
processing [44]. One significant distinction between the two processes is the amount
of dopant required for sufficient heating to occur. REAH processing requires much
more doping (8-15 mol%) compared to TMAH processing (0.3-1 mol%) [44].
In the case of surface crystallization on chalcogenide glass, the choice of laser
wavelength changes the absorption coefficient, which in turn controls how deep the
crystal grows. For the Sb-S-I glass system, diode lasers operating in the green (520
nm) and red (639 nm) have been utilized, with the use of the green laser resulting
in shallower Sb2S3 crystal formation.
Crystals formed by all the above mentioned processes include Sm2Te6O15 [43],
Bi0.7Sm0.3BO3 [46], β-BaB2O4 [45], Sm2(MoO4)3 [47], SmxBi1−xBO3 [48], Ba2TiGe2O8
[44], Ba2TiSi2O8 [44], LiNbO3 [19–22], Sm0.5La0.5BGeO5 [49], and Sb2S3 [5, 34].
Femtosecond laser-induced crystallization of glass
In the case of fs laser-induced crystallization of glass, the higher order terms of eq.
2.3 are responsible for the absorption of light. By selecting an appropriate laser
wavelength, giving a photon energy below the electronic bandgap energy and away
from the vibrational excitations in the infrared, the medium will be transparent to
the incident laser beam until the beam is focused. At the focus, the intensity is high
enough to trigger nonlinear absorption and the deposition of energy at that point.
In this way, the fs laser offers the capability to pattern crystals in 3D, unrestricted
by the surface, as opposed to the CW laser case. In this work, the laser is operated
in the near-infrared at 1026 nm, allowing for the spatially selective formation of
crystals deep inside the glass.
The fs laser is a pulsed laser, so brief pulses of light follow in a train at a set
repetition rate. At the focus, the combined spatial and temporal confinement of the
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incident light leads to the high intensities necessary for nonlinear absorption. En-
ergy is deposited at the focus, but whether or not the energy accumulates, leading
to sustained temperatures in the range for crystal nucleation and growth, depends
on the repetition rate of the laser [36]. If the repetition rate is too low, then ther-
malization occurs before the next pulse arrives. This leads to periodic spikes in the
temperature, leading to an insufficient amount of time spent in the right tempera-
ture range for crystal nucleation and growth. As the repetition rate is increased, the
energy from the previous pulse has not yet dispersed to the surroundings, leading
to an accumulation of energy and producing temperatures in and around the focal
volume from hundreds to thousands of Kelvin [50].
Nonlinear absorption allows a single electron to absorb multiple photons, giving
it enough energy to be promoted to the conduction band. Once in the conduction
band, an avalanche ionization effect occurs where the electrons freed by multiphoton
absorption gain additional energy through absorption of the fs laser and free more
electrons through impact ionization [51]. Avalanche ionization results in a plasma
which heats the material. The increase in temperature as a result of this process
allows for crystal nucleation and growth to occur.
The formation of a variety of nonlinear crystals through fs laser irradiation of
glass has been achieved. The list of such crystals includes LiNbO3 [23–28], β-
BaB2O4 [23, 52], Ba2TiO4 [23], BaTiO3 [24], Ba2TiSi2O8 [24, 53, 54], Sr2TiSi2O8
[55], Ba2TiGe2O8 [56], and LaBGeO5 [57]. In ref. [57], single crystals of LaBGeO5
were formed and shown to act as waveguides with reasonably low losses for the first
demonstration of waveguiding in fs laser-induced single crystal in glass.
2.6 Energy levels of Er
The energy level structure of triply ionized Er (Er3+) can be used to generate stimu-
lated emission of radiation. In addition, an understanding of the energy level struc-
ture allows for the identification of different incorporation environments of Er3+
within a crystal. The origins of the energy level structure of Er3+ are discussed here
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and in sec. 3.7.
The configuration of Er3+ is (Xe)4f11, where 2 6s electrons and 1 4f electron are
lost through ionization. This electronic configuration possesses a large degeneracy
which can be lifted by adding perturbation terms to the Hamiltonian. The unper-
turbed Hamiltonian includes kinetic energy terms for each electron, potential energy
terms for the attraction between each electron and the nucleus, and a potential en-
ergy term which averages the interaction energy between each electron and the other
electrons. The potential energy term for the interaction between electrons acts as
a central field, meaning the term only depends on the distance of an electron from
the nucleus. This unperturbed Hamiltonian results in the (Xe)4f11 configuration, a
large collection of states all possessing the same energy.
The perturbative terms include the residual Coulomb interaction as well as spin-
orbit coupling, and both of these perturbations must be considered at once since
they are of comparable size in the case of Er3+ [58]. The states used to calculate the
perturbed eigenenergies and eigenstates are those resulting from LS-coupling, which
assumes the residual Coulomb interaction is greater than the spin-orbit interaction.
Considering the Coulomb term first, the good quantum numbers are the total spin
angular momentum, found by adding the spin angular momentum of each electron,
the total orbital angular momentum, found by adding the orbital angular momen-
tum of each electron, and their z-components. This breaks up the degeneracy of
the configuration into terms, 2S+1L, where L and S are the total orbital and spin
angular momenta, respectively. The spin-orbit interaction is considered as a small
perturbation, which breaks these terms up into levels, 2S+1LJ, where J is the total
angular momentum.
These levels are used as the basis set to represent the Hamiltonian which is
a sum of the unperturbed and perturbation Hamiltonians. The residual Coulomb
interaction is diagonal in this basis set, but the spin-orbit interaction results in off-
diagonal terms. This Hamiltonian is diagonalized, leading to eigenstates which are
linear combinations of the levels [58]. The resulting ground state of the system is
approximately the 4I15/2 level. The energy level diagram for Er
3+ is shown in fig.
2.4.
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Figure 2.1: Reproduced figure [7] showing the positions of Li (smaller circles) and Nb
ions (larger circles) in lithium niobate for the paraelectric and ferroelectric
phase.
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Figure 2.2: Reproduced figures ((a) [27] and (b) [30]) showing the LNS glass forming
region, along with the glass compositions explored in this work superim-
posed as colored annuli (in (a)) and dots (in (b)). In (a), black and blue
dots correspond to the formation of glass while red and green correspond to
crystal formation. In (b), the large elliptical ring represents the glass form-
ing region, with various glass compositions that had been tested represented
by smaller rings.
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Figure 2.3: Reproduced figure [31] showing a schematic of crystal nucleation and growth
rates as a function of temperature.
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Figure 2.4: Reproduced figure [59] showing the energy levels of Er3+ along with the
emission wavelength for a transition to the ground state level.
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Chapter 3
Experimental Techniques
3.1 Glass sample preparation
Lithium niobosilicate glass was made by mixing high purity SiO2 (99.99%), Li2CO3
(99.999%), and Nb2O5 (99.9985%) reagents into a 40 g batch. The mixture was
melted in a crucible at 1400◦C for one hour, and the melt was subsequently quenched
between two steel plates at room temperature. The glass was annealed in an oven
at 500◦C for 2 hours to relieve stresses, before cooling down slowly to room temper-
ature. The glass was then cut into rectangular pieces of roughly 10 mm x 10 mm x
2.5 mm dimension and polished to optical quality.
Lithium niobosilicate glass samples will be referred to throughout this work as
LNS #, where # is the mole percent coefficient of SiO2 for that composition of glass.
The set of glass compositions used in this work is listed in table 3.1. Nominally, the
glasses possess a 1 to 1 ratio of Li to Nb. In actuality, the ratio deviates significantly
from this nominal value. The actual compositions were measured by collaborators
at Corning Incorporated using two methods: inductively coupled plasma optical
emission spectroscopy (for Nb, Si, and Er) and flame emission spectroscopy (for Li).
The set of actual compositions is listed in table 3.2. The ratio of Li to Nb ranges
from significantly Li poor (0.95 for LNS 30) to essentially 1 to 1 (1.005 for LNS 34).
In addition to undoped lithium niobosilicate glass, Er-doped lithium niobosilicate
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glass samples were prepared. The actual compositions for these glass samples are
listed in table 3.3. These samples will be referred to as low (0.14 mol %), medium
(0.46 mol %), and high (1.43 mol %) Er-doped samples.
Glass-ceramics of Er-doped lithium niobosilicate glass were also prepared. To
prepare the glass-ceramics, the glass was heated to 580◦C and held at this temper-
ature for 2 hrs. Holding at this temperature facilitates crystal nucleation. After
this hold, the sample was heated to 735◦C and held at this temperature for 7 hrs.
Holding at this temperature facilitates crystal growth. The glass-ceramics were then
slowly cooled down to room temperature.
Pictures of LNS 34 glass made for this work are shown in fig. 3.1. The different
colors are due to the glass fabrication technique, what type of crucible the melt was
poured from, and the presence of dopants within the glass. The transparent glass
(top left) was made from a two-step technique, where lithium silicate was first formed
by mixing SiO2 and Li2CO3 and pouring the melt from a Pt crucible. This glass was
then pulverized into a powder, mixed with Nb2O5, melted, and poured again from
a Pt crucible. The yellow glass (top middle) was made from a one-step technique,
where the SiO2, Li2CO3, and Nb2O5 were mixed together from the start and poured
from a Pt crucible. The glass with a brownish-red color (top right) was also made
from a one-step technique, but it was poured from a Pt-Rh crucible instead of a Pt
crucible, leading to the brownish-red coloration. The Er-doped glasses are all made
from the one-step technique and poured from a Pt-Rh crucible. The deepening pink
coloration is due to the presence of Er in the glass. The undoped and Er-doped
glasses explored in this work were all selected from the batch of glass made using
the one-step technique and poured from a Pt-Rh crucible.
3.2 Differential scanning calorimetry
A thermal analysis of the glass provides information about endothermic and exother-
mic processes that the glass goes through. Examples of endothermic processes are
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the glass transition and melting. An example of an exothermic process is the crys-
tallization of glass. To observe these processes, the temperature of the glass (sitting
in a small Pt crucible) is ramped up along with the temperature of another material
(an empty Pt crucible). To keep the same temperature for the glass filled crucible
as well as the empty crucible, the amount of heat that flows to each is different.
The glass filled crucible has a different heat capacity than the empty crucible, but
the glass transition and crystallization (see fig. 3.2) processes also cause differences
in the heat flow. In addition to measuring the glass transition and crystallization
temperatures of the different compositions of glass, it is also valuable to measure
the nucleation rate as a function of temperature.
To measure the nucleation rate, glass samples are annealed at a variety of temper-
atures around the glass transition temperature. During this annealing stage, nuclei
are formed. After annealing around the glass transition temperature, the sample is
ramped through the crystallization temperature. The crystallization temperature of
the annealed sample, Tp, is shifted away from the crystallization temperature of the
unannealed sample, Tp0. This shift provides information about the nucleation rate
at that annealing temperature. Marotta [60] showed that the nucleation rate as a
function of annealing temperature, η(T ), is related to Tp and Tp0 by the following:
η(T ) =
1
Tp
− 1
Tp0
(3.1)
For all of the differential scanning calorimetry (DSC) measurements, the tem-
perature was ramped up at 10 K/min. For the nucleation rate measurements, the
sample was held at the annealing temperature for 4 h.
3.3 Femtosecond laser irradiation
A PHAROS femtosecond laser (model: SP-06-200-PP, Light Conversion, Vilnius,
Lithuania) was used to create the crystals in glass. The laser was operated at a
wavelength of 1026 nm, repetition rate of 200 kHz, and pulse duration of 175 fs.
The light was focused through a Nikon extra-long working distance 50x objective
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with 0.6 NA. The glass piece was mounted on a heated stage brought to 500◦C
to eliminate cracking during crystal growth. The heated stage was mounted on
motorized stages, enabling 3D motion of the laser focus within the glass.
Crystal lines and dots were studied in this work. The crystal lines were written
with the laser polarization oriented parallel to the laser scanning direction. Laser
scanning speed was varied between 5 and 75 µm/s and laser power was varied
between 415 and 830 mW. The power was measured after the objective but before
the 1 mm thick silica window of the heated stage. The crystal lines were grown
at an actual depth of 200 µm below the surface of the glass. For the formation of
crystal dots, the laser power was varied between 610 and 945 mW, and the laser
was focused near the surface.
The power density (u) of the laser is given by the power (P) per area (A) at the
focus. Due to diffraction, the spot size of the laser is limited to 1.22λ/NA where
λ is the wavelength of the laser and NA is the numerical aperture of the objective
lens. The power density at the focus is then u = P/A = P/ [pi(0.61λ/NA)2]. A
conversion factor from power to power density is then given by the following equation
u [in GW/m2]
P [in mW]
=
1
pi
(
NA
0.61λ [inµm]
)2
(3.2)
For the laser wavelength and objective numerical aperture used in this work, this
equation reduces to
u [in GW/m2]
P [in mW]
= 0.293 (3.3)
The power density used to write the crystal lines was varied from 120 to 240
GW/m2, and the power density used to write the crystal dots was varied from 180
to 280 GW/m2.
3.4 Raman spectroscopy
An understanding of Raman spectroscopy allows for a careful examination of the
upcoming results in this work. Raman spectroscopy is a very useful tool for probing
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crystal phase, crystal orientation, stoichiometry, defect content, and temperature,
among other properties. Peaks in the Raman spectrum correspond to different vi-
brational modes, which depend on the atoms present as well as the crystal structure
and symmetry. Thus, the peaks in the Raman spectrum can be used to discern
what material is being analyzed.
The technique used in this work is normal (non-resonant) Raman spectroscopy,
where the energy (hν0) of the probing laser is far below the energy required for
excitation between different electronic levels in the system. The Raman scattering
process results in transitions between vibrational states of the system, whose energies
are given by 1
2
hνm + nhνm, where νm is the frequency of the vibration and n is the
nth level of the vibrational state.
The Boltzmann distribution tells us that the most occupied levels are the ground
(n = 0) and first excited (n = 1) vibrational states. The Raman scattering process
thus largely probes transitions between these two states. Changes of the vibrational
quantum number n by more than 1 do occur, but the peaks associated with this
scattering are much weaker [61]. ∆n = 1 transitions can also occur between higher
vibrational levels (such as between n = 1 and n = 2). This process results in an
asymmetric broadening of the Raman peaks on the low frequency side due to the
anharmonicity of the potential that reduces the spacing between consecutive vibra-
tional levels [62]. This effect is only observed at elevated temperatures, however.
From the discussion above, the Raman scattering process results primarily in
transitions between the ground and first excited vibrational states of the system.
Assuming the initial state is the ground state, the laser induces a transition to a
virtual state, whereafter a transition occurs either back to the ground state (∆n =
0, Rayleigh scattering) or a transition occurs to the first excited state (∆n = 1,
Raman scattering). If Raman scattering occurs, then the laser is shifted to lower
frequency by the amount νm. This is known as Stokes scattering. Anti-stokes
scattering refers to the transition from the first excited state down to the ground
state, whereby the laser frequency is shifted to higher frequency by the amount
νm. The Boltzmann distribution tells us that the more probable process is Stokes
scattering, so the peaks in the spectrum corresponding to Stokes scattering have a
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higher intensity compared to peaks corresponding to anti-Stokes scattering.
The upcoming subsections explore the Raman scattering process for molecules
and single crystals. Lastly, Raman scattering in lithium niobate is discussed.
3.4.1 Classical understanding of Raman scattering
One can understand some of the basic features of Raman scattering through a
classical derivation of the effect [61, 63]. In the classical treatment, consider a
polyatomic molecule whose vibrations are expressed using normal coordinates Q1,
Q2, ..., QN. The incoming electromagnetic radiation that interacts with the molecule
is modeled as a plane wave with electric field vector oscillating at frequency ν0. The
electromagnetic radiation induces oscillating dipoles which can be described by a
series expansion in powers of the electric field [6]:
~p(t) = ~p (1)(t) + ~p (2)(t) + ~p (3)(t) + ...
=
↔
α · ~E + 1
2
↔
β · ~E2 + 1
6
↔
γ · ~E3 + ...
(3.4)
where
↔
α,
↔
β , and
↔
γ are the polarizability tensor, hyperpolarizability tensor, and
second hyperpolarizability tensor, respectively. The polarizability is the ability for
a charge distribution to distort in response to an electric field.
Only the term linear in the electric field will be considered at this point. The
polarizability tensor,
↔
α, is time-dependent, as the values in the tensor could change
during the vibration of the molecule. The change of the polarizability tensor with
the normal coordinates can be described with a series expansion in powers of the
normal coordinates:
αij = (αij)
∣∣∣
0
+ (
δαij
δQk
)
∣∣∣
0
Qk + ... (3.5)
Picking one normal coordinate, say Q1, and assuming a small amplitude vibra-
tion, the elements of the polarizability tensor are approximated as:
αij ≈ (αij)
∣∣∣
0
+ (
δαij
δQ1
)
∣∣∣
0
Q1 (3.6)
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If the vibration can be approximated by a harmonic oscillator, then the variation
of Q1 is oscillatory at the frequency of the vibration, νm:
Q1(t) = Q1 cos(νmt) (3.7)
Ignoring the terms that have higher powers of the electric field in eq. 3.4, the
electric dipole oscillation as a function of time is given by:
~p =
↔
α0 · ~E0 cos(ν0t) + δ
↔
α0
δQ1
· ~E0 cos(ν0t) ·Q1 cos(νmt) (3.8)
~p =
↔
α0 · ~E0 cos(ν0t) + 1
2
Q1 · δ
↔
α0
δQ1
· ~E0 [cos((ν0 + νm)t) + cos((ν0 − νm)t)] (3.9)
where eq. 3.9 was simplified from eq. 3.8 using the identity
cos(θ) cos(φ) =
1
2
[cos(θ + φ) + cos(θ − φ)] . (3.10)
From eq. 3.9, there are three oscillatory terms. Each of these corresponds
to a dipole oscillating at a separate frequency, and each of these dipoles emits
radiation at that frequency. The term oscillating at ν0 is attributed to Rayleigh
(elastic) scattering. The terms oscillating at ν0±νm correspond to Raman (inelastic)
scattering. The scattered radiation emitted at the frequency ν0 + νm is called anti-
Stokes scattering, and the scattered radiation emitted at the frequency ν0 − νm is
called Stokes scattering.
An important factor in eq. 3.9 is δ
↔
α0
δQ1
. This factor means that the polarizability
must change during vibration for that vibration to be Raman active. Without a
change in the polarizability, there will be no Raman scattered light.
One limitation of the classical derivation is that the Stokes and anti-Stokes scat-
tering would appear to have the same intensity. This is not the case in reality. The
anti-Stokes scattering corresponds to a vibrating molecule giving up energy hνm with
the resulting scattered photon now having energy h(ν0 + νm). The Stokes scattering
corresponds to a vibrating molecule gaining energy hνm with the resulting scattered
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photon having energy h(ν0 − νm). The anti-Stokes scattering process is less proba-
ble because the thermal population of the first excited vibrational state is less than
that of the ground state. Thus, there are more molecules in the ground state which
can gain energy from the incoming photon, resulting in a scattered photon of energy
h(ν0 − νm).
3.4.2 Quantum mechanical understanding of Raman scat-
tering
As noted in the previous section, there are limitations to the classical understanding
of Raman scattering. A quantum mechanical derivation of Raman scattering takes
into consideration the transition frequencies of the molecule and how these affect
the polarizability tensor. A detailed quantum mechanical calculation of the Raman
effect is given in the textbook by Long [61]. A brief overview of features of the
quantum mechanical understanding of Raman scattering follows:
In the quantum mechanical treatment, the classical oscillating dipole is replaced
with a transition dipole moment, which depends on the transition polarizability.
This transition polarizability is calculated through summing over transitions from
the initial to the final state through virtual states. To illustrate this process, fig.
3.3 shows an energy level diagram for the normal (non-resonant) Raman scattering
process. In fig. 3.3, the incident radiation of frequency ν0 results in an excitation
to a virtual state (dashed line) between the initial and final states of the molecule.
The transition polarizability allows for a more detailed understanding of the Raman
scattering process for a specific molecule by taking into consideration the states and
energy levels of the system.
3.4.3 Raman scattering in single crystals
The previous sections showed the origins of the Raman effect for a polyatomic
molecule. In single crystals, Raman scattering produces phonons which propagate
through the crystal lattice. Figure 3.4 shows the Feynman diagram illustrating the
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most common Raman scattering process. In this process, an electron-hole pair is
created through the absorption of the photon of frequency ωi, the electron-hole pair
interacts with the lattice, resulting in the creation of a phonon of frequency ω,
and then the electron-hole pair recombines, resulting in the creation of a photon of
frequency ωs.
Phonons created through the Raman scattering process in crystals have a lattice
vibration direction (polarization), a propagation direction (wavevector), and mo-
mentum. Transverse phonons have their polarization perpendicular to the wavevec-
tor, and longitudinal phonons have their polarization parallel to the wavevector.
Phonon modes which are both Raman and infrared active are known as polar
phonons and occur in piezoelectric crystals. They generate long-range electro-
static forces in the crystal which make the energy of the longitudinal and transverse
phonons different. In addition to these long-range electrostatic forces, there are
short-range forces due to the aniostropy of the crystal, such as in uniaxial crystals
[64]. In the case of a uniaxial crystal, these short range forces make the energy of
vibrations parallel and perpendicular to the extraordinary axis different.
For both molecules and single crystals, the possibility for a vibration to partic-
ipate in the Raman scattering process depends on the symmetry properties of the
atomic arrangement. For a single crystal, the Raman scattering process also de-
pends on the incident and scattered photon polarization directions with respect to
the crystal axes. All of these factors can be encapsulated in a Raman selection rule,
which predicts the scattering efficiency under a particular experimental condition.
From the review by Loudon [65], the Raman selection rule is:
S = [eσi Rσρe
ρ
s ]
2 (3.11)
where
↔
R is the Raman tensor (related to the polarizability tensor), eˆi is the inci-
dent light polarization direction, and eˆs is the scattered light polarization direction.
For uniaxial, piezoelectric crystals, such as lithium niobate, the Raman scattering
equation above must be modified. Taking into account the phonon propagation
direction, kˆ, and the phonon polarization, ˆ, the Raman selection rule becomes
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S =
[
eσi R
τ
σρ (α
τ + βkτ ) eρs
]2
(3.12)
where Rτσρ is the Raman tensor corresponding to vibration along the τ direction,
and α and β are constants. An application of eq. 3.12 will be given in the following
section.
3.4.4 Raman scattering in lithium niobate
The symmetry of lithium niobate is described by the C3v point group. In lithium
niobate, there are 2 formula units per primitive rhombohedral unit cell. With 10
atoms per primitive unit cell, there are 30 degrees of freedom. As a result, there
are 27 optical phonon modes to go along with the 3 acoustic phonon modes. These
modes can be broken up into vibrations of different symmetry: A1, A2, and E modes.
The representation of the optical and acoustic modes is given by [66]:
Γop = 4A1 + 5A2 + 9E
Γac = A1 + E
(3.13)
The A2 modes are Raman and infrared inactive, while the A1 and E modes are
both Raman and infrared active (i.e. A1 and E phonons are polar). The lattice
vibrations of the A1 modes are parallel to the c-axis, while the lattice vibrations of
the E modes are perpendicular to the c-axis. In lithium niobate, the Raman tensors
are given as
E(x) =

0 c d
c 0 0
d 0 0
 , E(y) =

c 0 0
0 −c d
0 d 0
 , andA(z) =

a 0 0
0 a 0
0 0 b
 (3.14)
where a, b, c, and d are constants.
A specific example illustrates how the current and previous section can be ap-
plied to predict which Raman modes will be observed under particular experimental
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conditions. Figure 3.5 shows the Raman scattering configuration. In fig. 3.5, kˆi,
kˆs, and kˆ are the incident photon propagation direction, the scattered photon prop-
agation direction, and the phonon propagation direction, respectively. Consider
an incoming photon with undetermined polarization, a scattered photon polarized
in the y-direction, and the phonon polarization and propagation direction are the
same (i.e. it is a polar longitudinal phonon). The vector directions for the conditions
described are:
eˆi = (e
x
i , e
y
i , 0)
eˆs = (0, 1, 0)
ˆ = (− cos(θ/2), 0, sin(θ/2))
kˆ = (− cos(θ/2), 0, sin(θ/2))
(3.15)
Plugging into eq. 3.12,
S = (α+β)2
(exi , eyi , 0) (− cos(θ/2)E(x) + 0E(y) + sin(θ/2)A(z))

0
1
0


2
(3.16)
S = (α+β)2
(exi , eyi , 0)

a sin(θ/2) −c cos(θ/2) −d cos(θ/2)
−c cos(θ/2) a sin(θ/2) 0
−d cos(θ/2) 0 b sin(θ/2)


0
1
0


2
(3.17)
S = (α + β)2(−exi c cos(θ/2) + eyi a sin(θ/2))2 (3.18)
Now, simplifying to a backscattering geometry, θ = pi, and assuming the in-
cident photon is polarized along the y-direction, the Raman scattered intensity is
proportional to
S = (α + β)2a2 (3.19)
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Thus, if the incoming and scattered radiation are y-polarized and the experiment
is conducted in a backscatter geometry where the incoming and scattered radiation
propagate along the z-axis, then one should observe A(LO) modes in the Raman
spectrum.
Using the notation developed by Porto [67], the scattering geometry just de-
scribed is z(yy)z¯. That is, in order of how they appear in the notation, the propa-
gation direction of the incident light is along the z-axis, the polarization direction
of the incident light is along the y-axis, the polarization direction of the scattered
light is along the y-axis, and the propagation direction of the scattered light is in
the opposite direction of the incident light (denoted by a bar above the letter).
In lithium niobate, there are phonons of purely A1 and E symmetry when the
phonons travel along the main crystallographic axes of the crystal. However, for
phonons traveling off of one of these axes, there is a mixing of the A1 and E phonons
due to the long-range electrostatic forces [65]. This results in a shift in the frequency
of the modes depending on the direction of propagation within the crystal. This
phenomenon is known as directional dispersion, and this effect has been accurately
quantified in lithium niobate for all angles between the z(c) and x-axes [68]. In
lithium niobate, the most significant shifts in frequency due to directional dispersion
occur between the E(TO)1 and E(LO)2 modes (about 40 cm
−1) and the E(TO)8
and A(TO)4 modes (about 50 cm
−1). The first mode in each of these pairs (the
E(TO)1 and E(TO)8) occurs when the phonon is traveling along the z-axis, and the
second mode in each of these pairs (E(LO)2 and A(TO)4) occurs when the phonon
is traveling in the plane perpendicular to the z-axis. For these wide directional
dispersion regions, the frequency of the Raman mode can be used as a marker of
the orientation of the crystal.
3.4.5 Experimental setup
A schematic of a confocal Raman microscope is shown in fig. 3.6. For the mea-
surements of the Raman spectra of the lithium niobate nanocrystals, an Ar ion
laser (Coherent Innova 70) was utilized, operating at 488 nm, and light is collected
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in a backscattering geometry. Single mode fibers act as the excitation and collec-
tion pinholes. Spectra from liquid suspended nanocrystals are collected using an
oil immersion objective. The numerical aperture (NA = 1.32) of the oil immersion
objective is sufficiently high to enable optical trapping of the nanocrystals.
For measurements of the Raman spectra of the lithium niobate crystals in glass,
a WITec Raman microscope (alpha300 RA) with a 532 nm laser was utilized. The
samples for this analysis were either cut and polished to expose the crystal cross-
sections or polished down from the top surface to expose the crystals along their
length.
3.5 Scanning electron microscopy
Scanning electron microscopes (SEM) allow for high spatial resolution imaging of
the surface of materials, the ability to measure the orientation of a crystal, and the
ability to measure composition variation across the sample, among other properties.
An SEM utilizes a focused electron beam to make these measurements, allowing the
spatial resolution of an SEM to far exceed that of an optical microscope. The focused
electron beam interacts with the sample in a variety of ways: electrons backscatter
out of the sample, secondary electrons that were bound within the sample are freed,
X-rays are generated, Auger electrons are released, heat is generated, and cathodo-
luminescence is emitted. This collection of interactions provides information about
the sample being examined, making the SEM a very useful instrument for analyz-
ing materials. This section discusses the technique that is used extensively in this
work, electron backscatter diffraction, to analyze the orientation of fs laser induced
lithium niobate crystals.
3.5.1 Electron backscatter diffraction
One of the most important techniques employed in this work is electron backscat-
ter diffraction (EBSD). EBSD is a powerful method for the identification of the
orientation of grains within a crystalline sample.
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The periodic structure of any crystal possesses regularly spaced atomic planes.
The wave-like nature of electrons results in the fact that when they are incident on
the sample, they will diffract from these different sets of atomic planes. Diffracted
electrons will exit at different angles out of the crystal, dictated by the Bragg con-
dition, 2d sin(θ) = nλ, where d is the perpendicular distance between successive
planes in the crystal, λ is the wavelength of the incident electrons, and θ is the
angle between the incident electrons and the atomic planes. Since the electrons are
focused in a cone shape onto the specimen, diffraction from any one set of atomic
planes creates a cone of electrons which exit back out of the crystal.
In the specimen chamber, the sample is titled towards a detector, which is com-
posed of a phosphor screen and a CCD array. The diffracted electrons interact with
the phosphor screen, causing the emission of light, which is then projected onto the
CCD array. The detector covers a limited solid angle, so it only acquires a portion
of the diffracted electron cone. As a result, the pattern acquired by the detector
appears as a collection of lines, where each line corresponds to diffraction from a
particular atomic plane. The lines are referred to as Kikuchi bands, and the entire
pattern is referred to as a Kikuchi or electron backscatter pattern. An example of a
Kikuchi pattern collected from one of the lithium niobate crystals in glass studied
in this work is shown in fig. 3.7.
A Kikuchi pattern must be indexed to give the exact orientation of the crystal
grain being examined. A Hough transform identifies the lines in the Kikuchi pattern,
and information about the crystal structure input before the measurement then
allows a determination of the exact orientation of the crystal grain [69]. An indexed
Kikuchi pattern is shown in fig. 3.7.
EBSD allows the determination of whether a sample is single crystal or polycrys-
talline. This is accomplished through a spatial scan of a region of interest, where a
Kikuchi pattern is collected at each point. To compactly describe the crystal ori-
entation at each point in space, the first step is to define a coordinate system. In
this work, the coordinate system is set as follows: the x-axis is parallel to the laser
scanning direction; the z-axis is perpendicular to the sample surface; and the y-axis
is perpendicular to both the x-axis and z-axis (see fig. 3.8(a)). Crystal directions
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are associated with a color (see fig. 3.8(b)). This color correspondence is known as
an inverse pole figure (IPF). Then, for each axis of the coordinate frame, a color
map is created, detailing at each point in space what crystal direction lies along that
particular axis. These are known as IPF maps. Besides IPF maps, other types of
maps can be created from the EBSD data. One example is to create a map detailing
the deviation angle of each point in space from a particular crystal orientation.
3.5.2 Experimental setup
To view the sample surface before performing EBSD scans, electron microscope
images can be generated using low energy secondary electrons ejected from the
sample due to transfer of energy from the incoming electron beam. An image can also
be generated from backscattered electrons, which are a percentage of the incoming
electron beam that gets deflected out of the sample. Since changes in electron
signals such as these across the sample surface form the image contrast, a problem
arises when examining insulating materials in a high vacuum environment, such
as lithium niobosilicate glass. Charge from the electron beam accumulates on the
sample surface, and this charging can degrade the resultant image by interacting
with secondary or backscatter electron signals used to make that image.
To allow insulating materials to be studied in the electron microscope, the pres-
sure in the specimen chamber is increased several orders of magnitude from high
vacuum conditions. In this work, the pressure was increased to 30 Pa. This is known
as variable pressure mode. A detector, known as the environmental secondary elec-
tron detector, is used in this mode, which allows an image to be generated from
secondary electrons. The detector is placed near the end of the SEM column, and
an electrode with a positive potential is placed nearby. Secondary electrons ejected
from the surface are accelerated towards this positive potential, ionizing the gas in
the specimen chamber. This amplifies the secondary electron signal which is picked
up by the detector, allowing an image to be generated. The positive ions are accel-
erated in the opposite direction, away from the detector and towards the sample,
neutralizing the charge from the incident electron beam. In this way, insulating
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materials can be examined in the electron microscope.
In this work, after writing crystal lines for a variety of laser processing parame-
ters, EBSD measurements were carried out using a Hitachi 4300 scanning electron
microscope operating in variable pressure mode. Analysis of the data was performed
using the software package Orientation Imaging Microscopy Analysis. The samples
for these measurements were cut and then polished with progressively finer grits
down to a 0.1 µm finish to expose the crystal cross-sections.
3.6 Fluorescence lifetime measurement
To measure the fluorescence lifetime of a transition for a dopant, time resolved
fluorescence can be used to monitor the intensity with time. A pulsed laser can be
used to excite the dopant, after which the fluorescence intensity decays with time.
The fluorescence as a function of time can be fit to, for example, a single or double
exponential, from which the lifetime(s) can be extracted.
An alternative method for measuring the lifetime involves the use of a CW laser
and a lock-in amplifier and is described in detail in ref. [70]. The CW laser exciting
the dopant is periodically blocked by a mechanical chopper, and a photogate part of
the chopper feeds a reference signal, a square wave, into the lock-in amplifier. The
dopant fluorescence is collected and illuminates a photodiode. The photodiode signal
is also fed into the lock-in amplifier. Electronics within the lock-in amplifier multiply
the reference and photodiode signal, eliminate the high frequency components, and
leave a DC signal which can be read out to a computer. This DC signal depends on
the first few Fourier coefficients of the photodiode signal, which can be calculated
through a Fourier decomposition.
With a model for the photodiode signal, the output of the lock-in amplifier read
by the computer can be fit to parameters such as the fluorescence lifetime. In
the case of a dopant whose fluorescence can be described by a single exponential
decay, the signal output by the lock-in amplifier varies with the chopper frequency
according to
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Vout = 2I0
[
F 2(f, τ) +
{
1
pi
+ 2pifτF (f, τ)
}2]1/2
(3.20)
where
F (f, τ) = fτ
exp(−1/fτ)− exp(−1/2fτ)− 2
1 + 4pi2f 2τ 2
. (3.21)
Vout as a function of chopper frequency, f, can be fit to two parameters: an
amplitude parameter, I0, and the lifetime, τ .
The photodiode used to collect the Er fluorescence was a Thorlabs PDA400 In-
GaAs detector, whose signal was fed into a 7265 DSP lock-in amplifier. A schematic
of the experimental setup is shown in fig. 3.9. The lifetime measurements were
performed at 15 K.
3.7 Combined excitation emission spectroscopy
The perturbations discussed in sec. 2.6 are not the only perturbations which lift the
degeneracy of the states of Er3+. Another perturbation comes from the crystal field
that the ion experiences when it is incorporated into a crystal. For a given J, this
perturbation lifts the degeneracy of states with different MJ, as shown schematically
in fig. 3.11. Crystal field splitting is Stark splitting, a result of the electric field
from ions surrounding the Er3+ ion.
Depending on the configuration of these other ions around the Er3+ ion, the
crystal field splitting is different, which gives rises to different lattice sites for the
Er3+ ion to occupy [58]. These different sites can be discovered by a technique called
combined excitation emission spectroscopy (CEES). Due to the differences in the
crystal field at different sites, the excitation and emission energies differ between
these sites. CEES consists of collecting a series of emission spectra while taking
small steps in excitation wavelength. The results can be summed up in a CEES
map, a graph with excitation energy along one axis, emission energy along the
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other, and the intensity expressed through a color scale. By taking small steps in
the excitation wavelength, the different sites can be resolved.
In this work, the CEES maps were collected by taking 0.02 nm steps in the
excitation wavelength from 965 to 988 nm, and emission was collected from 1530 to
1570 nm. As seen in the energy level diagram of fig. 2.4, scanning over this excitation
energy range leads to transitions from the Stark split energy levels of the 4I15/2 level
to the Stark split energy levels of the 4I11/2 level. Non-radiative decay leads to a
transition from the 4I11/2 level to the
4I13/2 level, after which there is a radiative
transition from the 4I13/2 level to the
4I15/2 level. A schematic of the experimental
setup used to collect CEES is shown in fig. 3.10. The CEES measurements were
performed at 15 K.
3.8 X-ray absorption spectroscopy
One method for probing the electronic structure and nearby geometric structure of
an atom within a material is to extract details from the atom’s X-ray absorption
spectrum [71, 72]. Each atom possesses a distinct set of energies at which its ab-
sorption increases abruptly. Each of these sharp rises in absorption corresponds to
a bound state of an electron within the atom. By scanning the energy and reaching
one of these sharp rises in absorption, known as an edge, a photoelectron is created
that is freed from the atom. Each edge corresponds to a different shell (principal
quantum number, n) and is referred to as the K-edge, L-edge, etc.
A completely isolated atom with no neighbors would exhibit a featureless ab-
sorption spectrum around one of its absorption edges. Figure 3.12(a) shows what
the absorption spectrum would look like in such a case. With increasing energy, the
absorption generally decreases, with the exception of the edge itself. As the energy
is increased above the absorption edge, a photoelectron is produced with increasing
kinetic energy. The photoelectron propagates out as a spherical wave with nothing
in the way to scatter it.
The absorption spectrum changes when an absorbing atom possesses neighbors.
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In that case, as depicted in fig. 3.12(b), when the X-ray energy is above the absorp-
tion edge, a photoelectron with some kinetic energy is ejected from the absorbing
atom and scatters off of the neighboring atoms. Since the transition probability for
an electron to absorb the X-ray photon depends on the availability of a state to
transition into, the presence of the scattered photoelectron at the absorbing atom
modulates the absorption spectrum.
There is an interference condition which affects the absorption and depends on
the spacing between the absorbing and scattering atom as well as the wavelength
of the ejected photoelectron. This interference occurs between the outgoing and
backscattered waves. Constructive interference at the absorbing atom leads to an
increase in the absorption, while destructive interference leads to a decrease in the
absorption [71]. Constructive interference occurs when the following interference
condition is satisfied: 2D = nλ, where D is the spacing between the absorbing and
neighboring atom, λ is the wavelength of the photoelectron, and n is an integer.
Thus, if the total length traversed by the photoelectron from the absorbing atom to
the scattering atom and back to the absorbing atom, 2D, is an integer multiple of
the wavelength of the photoelectron, then constructive interference at the absorbing
atom occurs. As the X-ray energy is changed, the wavelength of the photoelectron
also changes, and so constructive and destructive interference occur alternately.
This leads to a wiggle in the X-ray absorption spectrum known as XAFS, or X-
ray Absorption Fine-Structure. This fine-structure can be broken down into X-
ray Absorption Near-Edge Structure (XANES) and Extended X-ray Absorption
Fine-Structure (EXAFS). XANES provides electronic information (such as oxidation
state) while EXAFS provides geometrical information (such as neighboring atom
bond lengths and coordination number) [72]. XANES is the portion of the XAFS
near the absorption edge, within 30 eV of the edge, while EXAFS is the portion of
the XAFS from 30 eV to several hundred eV beyond the absorption edge [72].
Since the interference condition above depends on the distance between the ab-
sorbing and neighboring atoms, the EXAFS encodes data about neighboring atom
distances. To pull this data out, some processing must be done. The absorption
as a function of energy is converted to absorption as a function of wavenumber
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according to the relation E = ~2k2/2m, where E is the energy and k = 2pi/λ is
the wavenumber of the photoelectron. The wiggles in the XAFS diminish with in-
creasing wavenumber, so the absorption can be weighted by powers of k to make
the oscillations roughly equal over the k-space. At this point, the XAFS can be
converted to real space through a Fourier transform. Peaks in the real space XAFS
correspond to scattering off of neighboring atoms. The maxima of the real space
XAFS peaks do not exactly correspond to the neighboring atom distances, as they
are shifted by roughly 0.5 A˚[72].
Absorption can be measured in either fluorescence or transmission mode. Flu-
orescence mode measures the X-rays emitted from electronic transitions to fill the
empty electronic state left by the excitation of a photoelectron. Transmission mode
measures the intensity of the transmitted X-rays through a thin sample.
3.9 Piezoresponse force microscopy
Lithium niobate is a piezoelectric crystal, meaning that an applied stress to the
crystal results in a change in its polarization. This change in polarization can be
measured as a potential difference across the crystal. There is a converse effect
as well, where an applied voltage leads to a deformation of the crystal. The con-
verse piezoelectric effect is the mechanism utilized in piezoresponse force microscopy
(PFM) [73, 74].
A PFM uses a metal cantilever with a sharp tip to apply voltages at the surface
of a piezoelectric material. The applied voltage results in a local deformation of
the material, which causes a displacement of the cantilever. A laser is reflected off
of the back of the cantilever onto a photodiode, allowing this displacement to be
measured. In this way, the piezoresponse of the material can be determined.
The piezoresponse can be broken down into vertical and lateral responses [73].
The vertical response is due to a displacement of the cantilever along the direction
perpendicular to the surface, the result of tensile and compressive stress on the
sample. The lateral response is due to a displacement of the cantilever in a plane
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parallel to the surface, the result of shear stress on the sample. Measuring these
different components allows a complete determination of the piezoresponse of the
material [73].
PFM also allows for a determination of the ferroelectric properties of the mate-
rial. This is due to the fact that the direction of the spontaneous polarization will
determine the direction of the deformation of the crystal under an applied voltage.
If the spontaneous polarization is perpendicular to the surface and pointing into
the crystal (what is known as a c- face), a positive applied voltage results in the
expansion of the surface [73]. For a c+ face, a positive applied voltage results in
the contraction of the surface. Thus, there is a contrast mechanism to distinguish
ferroelectric domains with a PFM. In practice, domain directions are determined
by applying an oscillating voltage instead of a DC bias. The oscillating voltage
results in an oscillating deformation of the surface. The phase difference between
the voltage and deformation then determines the direction of the spontaneous po-
larization. The deformation of a c- face occurs in phase with the tip voltage, and
the deformation of a c+ face occurs 180◦ out of phase with the tip voltage [73].
Besides imaging ferroelectric domains, the PFM also allows these domains to be
flipped if a sufficiently high DC bias is applied through the tip. In a method known
as switching spectroscopy mode [74], a DC bias is applied to the cantilever tip along
with the oscillating voltage. When the DC bias is ramped to a high enough value
that allows the local electric field to exceed the coercive field of the crystal, the
spontaneous polarization is flipped. The polarization flip is observed as a change in
the phase of the piezoresponse with respect to the oscillating voltage. The DC bias
can be ramped between positive and negative voltages, allowing the full polarization
hysteresis loop to be determined.
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mol %
Glass composition SiO2 Li2O Nb2O5 Li/Nb
LNS 22 22 39 39 1
LNS 26 26 37 37 1
LNS 30 30 35 35 1
LNS 34 34 33 33 1
Table 3.1: Nominal compositions of the LNS glasses.
mol %
Glass composition SiO2 Li2O Nb2O5 Li/Nb
LNS 22 21.32 39.03 39.64 0.985
LNS 26 26.11 36.68 37.21 0.986
LNS 30 29.69 34.25 36.07 0.950
LNS 34 34.27 32.94 32.79 1.005
Table 3.2: Actual compositions of the LNS glasses, as measured by inductively coupled
plasma optical emission spectroscopy (for Nb and Si) and flame emission
spectroscopy (for Li).
mol %
Glass composition SiO2 Li2O Nb2O5 Er2O3 Li/Nb
LNS 34 (low) 33.59 32.85 33.42 0.14 0.983
LNS 34 (medium) 33.78 32.88 32.89 0.46 1.000
LNS 34 (high) 34.58 32.81 31.18 1.43 1.052
Table 3.3: Actual compositions of the Er-doped LNS glasses, as measured by inductively
coupled plasma optical emission spectroscopy (for Nb, Si, and Er) and flame
emission spectroscopy (for Li).
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Figure 3.1: A picture of LNS 34 glasses fabricated for this work. From left to right, top
row: glass made from a two-step technique and poured from a Pt crucible;
glass made from a one-step technique and poured from a Pt crucible; glass
made from a one-step technique and poured from a Pt-Rh crucible. From
left to right, bottom row: low, medium, and high Er-doped glass, all poured
from a Pt crucible.
Figure 3.2: DSC curve for LNS 34 glass with glass transition temperature, Tg, and peak
crystallization temperature, Tp, identified.
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Figure 3.3: Reproduced figure [63] showing the energy level diagram for a diatomic
molecule along with different processes: infrared absorption, normal and
resonance Raman scattering, and fluorescence.
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Figure 3.4: Reproduced figure [65] showing the Feynman diagram for the most common
process that results in Raman scattering: the incident photon (of frequency
ωi) is absorbed by the material, creating an electron-hole pair, this electron-
hole pair interacts with the material to create a phonon (of frequency ω),
and the recombination of the electron-hole pair results in the creation of an-
other photon (of frequency ωs). These processes are mediated by HER, the
Hamiltonian representing the interaction between an electron (E) and a pho-
ton (radiation, R), and HEL, the Hamiltonian representing the interaction
between an electron and the lattice (L).
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Figure 3.5: Reproduced figure [65] showing a Raman scattering configuration, where kˆi,
kˆs, and kˆ are the propagation directions of the incident photon, the scattered
photon, and the phonon, respectively.
Figure 3.6: Schematic of a confocal Raman microscope.
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Figure 3.7: An example of a Kikuchi pattern measured from a lithium niobate crystal
in glass along with its indexing.
Figure 3.8: (a) Schematic of the coordinate system that will be used during the dis-
cussion of the laser induced crystals in glass: the x-axis is parallel to the
laser scanning direction; the z-axis is perpendicular to the sample surface;
and the y-axis is perpendicular to both the x-axis and z-axis. (b) An inverse
pole figure associating directions within the LiNbO3 crystal to colors.
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Figure 3.9: Schematic of a setup for measuring fluorescence lifetimes.
Figure 3.10: Schematic of a setup for conducting combined excitation emission spec-
troscopy.
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Figure 3.11: Reproduced figure [75] showing a qualitative diagram of the effect of dif-
ferent perturbations on the lifting of degeneracies in the 4fN configuration.
55
Figure 3.12: Reproduced figure [72] showing a schematic of the origin of XAFS, where
in (a), the absorbing atom does not have any neighbors, and in (b), the
absorbing atom does have a neighbor nearby.
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Chapter 4
Investigation of lithium niobate
nanocrystals via Raman
spectroscopy and electron
microscopy
4.1 Introduction
It is well known that bulk single crystals of LiNbO3 are most easily grown in a
congruent (lithium-deficient) form but can also be grown in a stoichiometric form.
This is controlled by the specific growth conditions and the stoichiometric ratio
ρ = MLi/(MLi + MNb), where M is the molar fraction. This chapter explores the
dependence of the stoichiometry of LiNbO3 nanocrystals on the value of ρ in the
synthesis step.
Batches of LiNbO3 nanocrystals were synthesized using a sol-gel method. The
nanocrystals were analyzed via SEM and Raman spectroscopy to gain information
about their morphology, stoichiometry, defect content, and phase. For bulk crystals,
previous work has demonstrated that the spectral widths of specific Raman modes
strongly depend on ρ. For the nanocrystals, the Raman spectra indeed reveal that
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the resultant nanocrystal stoichiometry depends on the initial ρ used in the synthesis
step. In addition, a close examination of the Raman spectra reveals the presence of
an extra phase in batches with ρ ≥ 55%. Somewhat counterintuitively, this phase
is identified by its Raman spectra to be LiNb3O8, a relatively lithium-poor phase
compared to LiNbO3. Avoiding this extra phase, high-quality, roughly spherical,
LiNbO3 nanocrystals can be synthesized for ρ between 52 and 54%. The work of
this chapter has been published in IOP Conference Series: Materials Science and
Engineering [76].
4.2 Sample preparation and measurement
Nanocrystals of LiNbO3 were synthesized using a double alkoxide sol-gel method
that has been discussed in detail in our collaborators’ works [77–79]. Niobium
ethoxide and lithium ethoxide are dissolved in ethanol and refluxed for 24 h. The
solution is then slightly cooled and hydrolyzed by distilled water for an additional
24 h. The precipitate is dried and calcined. The product then underwent planetary
ball milling in oleic acid before being suspended in water.
The initial stoichiometric ratio
ρ =
MLi
MLi +MNb
(4.1)
is varied, and batches are created with values of ρ spanning 40 to 60% (40, 45, 50,
52, 54, 55, 56, 58, and 60%). Here, MLi and MNb are the molar fractions of the
compounds.
The nanocrystals are characterized by SEM imaging and Raman spectroscopy.
The morphology of the nanocrystals were observed via SEM. For Raman scattering
measurements, nanocrystals are prepared in liquid suspension contained between
glass slides as well as dried onto the surface of a glass slide. The confocal Raman
microscope (fig. 3.6) utilizes an Ar ion laser (Coherent Innova 70) operating at 488
nm, and light is collected in a backscattering geometry. Single mode fibers act as
the excitation and collection pinholes.
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Spectra from dried nanocrystals are collected at a temperature of 4 K using an
objective with numerical aperture 0.50. Spectra from suspended nanocrystals are
collected at room temperature using an oil immersion objective. The numerical
aperture (NA = 1.32) of the oil immersion objective is sufficiently high to enable
optical trapping of the nanoparticles. In such an optical tweezer, a dense collection
of nanocrystals coalesces around the laser focus, resulting in a strong Raman signal
from the cluster of nanocrystals.
The data is analyzed using the multipeak fit utility IGOR Pro. Peaks were
fit with Lorentzian profiles and a cubic polynomial baseline. The multipeak fit is
restricted to peaks with Raman shift between 100 and 500 cm−1 to maintain high
accuracy. The directional dispersion that is characteristic for the polar LiNbO3
material [68] contributes to the asymmetric appearance of some peaks and somewhat
reduces the accuracy of the fit. A lithium poor phase (LiNb3O8) was present in a
few batches. It possesses a unique Raman spectrum, and so fitting was performed
only when Raman spectra containing the LiNbO3 signature were obtained, as the
intention was to extract information from the best fit parameters on stoichiometry
and presence of defects in LiNbO3 nanocrystals.
4.3 Raman spectra of nanocrystal batches
In previous studies on bulk single crystal LiNbO3, the full-width-at-half-the-maximum
(FWHM) of the E(TO)1 and A(LO)4 modes as a function of lithium concentration
were calibrated [80, 81]. In this work, the nanocrystals in liquid suspension are ori-
ented in various directions and interface related effects are more relevant [82], and
hence it is necessary to focus on the E(TO)2 mode for which the directional disper-
sion contributes very little to its broadening [68]. Figure 4.1(a) shows the Raman
spectra of nanocrystals in liquid suspension for a variety of the initial stoichiometric
ratio while fig. 4.1(b) displays the FWHM of the E(TO)2 mode obtained from these
spectra. Raman spectra were also collected for bulk single crystal z-cut congruent
LiNbO3 (CLN) and z-cut near-stoichiometric LiNbO3 (nSLN). The FWHM of the
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E(TO)2 mode for each of these bulk single crystals is drawn as a horizontal line
for reference on fig. 4.1(b). The 55% batch is seen to have the narrowest FWHM
comparable to that of nSLN. All batches between 50 and 60% possess FWHM which
fall between CLN and nSLN. The 40 and 45% batches show significant broadening
as displayed in fig. 4.1(a).
Inspecting the nanocrystal Raman spectra beyond the E(TO)2 mode, there is
a significant contribution from the E(TO) modes. Mode assignments are given in
table 4.1 using the most recent works identifying phonon modes [83, 84]. Directional
dispersion is evident in the E(TO)1-E(LO)2 and E(TO)8-A(TO)4 regions leading to
broadened asymmetric line shapes [68]. Some A(LO) modes are reduced like the
A(LO)4 mode, and A(TO) modes are largely suppressed as evidenced by the absence
of the A(TO)1 mode.
There are differences between the Raman spectra for each initial stoichiometric
ratio. For the 40 and 45% batches, the A(LO)4 mode does not appear as a distinct
peak. For values of ρ ≥ 55%, an intense extra mode appears at a higher energy
than all the other modes at around 900 cm−1. Other peaks not related to LiNbO3
also appear, indicating the appearance of an additional phase. This phase is so
dominant for the 56% batch that no data point is included in fig. 4.1(b) for this
batch. Looking at the E(TO)8-A(TO)4 directional dispersion region, there is a
variation in the dispersion profile as a function of stoichiometric ratio.
A Raman spectrum collected from a dried sample of nanocrystals from the 58%
batch is shown in fig. 4.2(a). In such a dried sample, the orientation of the nanocrys-
tals is random and cannot be controlled as in the case of liquid suspended nanocrys-
tals trapped near the focus of the optical tweezer. The lack of Raman modes below
200 cm−1 (notably around 150 cm−1) was due to the long pass filter being somewhat
off-angle, shifting the cut-off wavelength.
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4.4 Imaging via electron microscopy
The SEM images in fig. 4.3 reveal that the crystallization process improved with
increasing values of ρ. The 55, 58, and 60% batches produced a uniform collection
of near spherical nanocrystals. The 40, 45, and 50% batches all produced inhomo-
geneous collections of nanocrystals with jagged edges. The 40% batch produced the
worst nanocrystal product, characterized by large clumps and lack of uniformity in
the shape of the nanocrystals.
4.5 Discussion
The trend of fig. 4.1(b) shows the FWHM hits a minimum around ρmin = 55%.
The batches with ρ < 50% have the broadest peaks, indicating high defect content
and off-stoichiometric nanocrystals. The FWHM of the 50% batch is near to that
of CLN and the FWHM of the 55% batch is near to that of nSLN. This indicates
that the 55% batch contains nanocrystals of stoichiometric composition and that the
final stoichiometric ratio of the batches turns out less than the initial stoichiometric
ratio before synthesis.
The Raman spectrum in fig. 4.2(a) is a fingerprint of a collection of randomly
oriented crystallites. This is corroborated by fig. 4.2(b) showing the Raman spectra
for a powder of LiNbO3. The spectrum of fig. 4.2(a) can now be compared to that
of the nanocrystals optically trapped in liquid suspension.
There are a few clear distinctions between the dried sample spectrum of fig. 4.2(a)
when compared to the spectra of nanocrystals in liquid suspension trapped by the
optical tweezer in fig. 4.1(a). The most notable differences are in the 300 to 350 cm−1
and 580 to 630 cm−1 regions.
In the case of the optically trapped nanocrystals in liquid suspension, the direc-
tional dispersion in the E(TO)8-A(TO)4 regions covers the entire dispersion range,
implying the nanocrystals are aligning themselves at a variety of orientations in
the optical trap. However, the intensities of the peaks in the directional dispersion
region from 580 to 630 cm−1 differ significantly between the nanocrystals trapped
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in liquid suspension by the optical tweezer and the dried nanocrystal batch. This
indicates that while the liquid suspended nanocrystals are aligned at a variety of
orientations in the optical trap, this distribution of alignments is not random.
The mode assignment reveals the preferential orientation of the nanocrystals in
the optical trap. The absence of the A(TO) modes combined with the strong pres-
ence of the E(TO) modes suggests the preferred alignment is with the ferroelectric
axis of the nanocrystals roughly parallel to the light propagation axis. The dominant
contributor to the alignment of the nanocrystals is the induced dipole perpendicular
to the spontaneous polarization of the nanocrystals, consistent with what has been
observed in a previous study of LiNbO3 nanocrystals in liquid suspension in a ca-
pacitor under application of an external electric field [85]. The observed alignment
effect is most pronounced for those batches for which the nanoparticles were almost
round and a competing alignment effect based on the geometric shape is absent.
The extra mode around 900 cm−1 apparent in the Raman spectra for ρ ≥ 55%
can be explained as a different crystal phase in the batch besides LiNbO3. Figure
4.4(a) displays spectra where the extra modes, including the 900 cm−1 mode, are
indicated. Comparing these characteristic Raman spectra with earlier work on thin
films in 4.4(b) [86] leads to the conclusion that this extra phase could be LiNb3O8
[86]. This is somewhat counterintuitive because LiNb3O8 is lithium poor. It would
be expected that when higher relative ratios of lithium to niobium are used in the
synthesis step, a lithium rich phase like Li3NbO4 would appear. Further work is
needed to study this point.
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ρ = 55% z-cut nSLN
Raman shift (cm−1) Mode Raman shift (cm−1) Mode
156.4 ± 0.2 E(TO)1 153.4 ± 0.1 E(TO)1
239.1 ± 0.1 E(TO)2 238.6 ± 0.1 E(TO)2
264.1 ± 1.0 E(TO)3 264.4 ± 0.2 E(TO)3
276.8 ± 0.2 A(LO)1 275.9 ± 0.2 A(LO)1
320.3 ± 0.8 E(TO)4 321.2 ± 0.2 E(TO)4
333.3 ± 0.4 A(LO)2 334.7 ± 0.1 A(LO)2
370.3 ± 0.4 E(TO)6 367.6 ± 0.2 E(TO)6
421.1 ± 0.2 A(LO)3
432.6 ± 0.5 E(TO)7 432.4 ± 0.2 E(TO)7
Table 4.1: Multipeak fit results for Raman spectra of the ρ = 55% nanocrystal batch
and z-cut near-stoichiometric LiNbO3.
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Figure 4.1: (a) A Raman spectrum of liquid suspended nanocrystals for each initial
stoichiometric ratio. The gray highlighted regions correspond to the wide
E(TO)1-E(LO)2 and E(TO)8-A(TO)4 directional dispersion regions. (b) A
graph of the FWHM of the E(TO)2 mode vs. initial stoichiometric ratio
with the FWHM of the E(TO)2 mode for z-cut congruent LiNbO3 and z-cut
near-stoichiometric LiNbO3 shown for reference.
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Figure 4.2: (a) A Raman spectrum taken at 4 K of a dried sample of nanocrystals
from the 58% batch. (b) Reproduced figure [86] showing Raman spectra of
LiNbO3, LiNb3O8, and Li3NbO4 powders.
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Figure 4.3: SEM images of nanocrystals for different values of ρ.
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Figure 4.4: (a) Several Raman spectra revealing a combination of LiNb3O8 and LiNbO3
in the 55%, 56%, and 58% nanocrystal batches, with arrows pointing to
the Raman modes which can be unambiguously assigned to the LiNb3O8
phase. (b) Reproduced figure [86] showing the Raman spectrum of a thin
film containing LiNb3O8 phase (in red).
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Chapter 5
Creation, characterization, and
application of lithium niobate
crystal lines in glass
5.1 Raman characterization of glass
Raman spectroscopy is a useful characterization technique for both crystalline and
amorphous samples, providing information about vibrations present within the ma-
terial. Details can be inferred about the bonding environment of individual atoms
within an amorphous sample.
As a quick quality check of the lithium niobosilicate glass, a Raman spectrum was
collected for each glass composition (see table 3.2). The normalized Raman spectra
for the glass compositions are shown in fig. 5.1. A shoulder around 1000 cm−1 in-
creases with increasing SiO2 coefficient. In addition, the two peaks around 600 cm
−1
and 800 cm−1 are shifted to higher and lower energy, respectively.
Literature on niobosilicate glasses has assigned vibrations of different bonds
within the glass to a particular energy [87, 88]. These mode assignments are listed
in table 5.1. From the mode assignment, the vibration around 1000 cm−1 corre-
sponds to a vibration of SiO4 tetrahedra. The increase in intensity of this mode
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with increasing SiO2 coefficient in fig. 5.1 is attributed to the increased presence of
Si in the glass matrix. The modes around 600 cm−1 and 800 cm−1 are attributable
to vibrations involving Nb and O.
Upon inspection of the annealed glass samples, there were readily apparent stri-
ations running through the glass. In an attempt to homogenize the glass, the glass
was crushed up into chunks (not pulverized into a powder) and remelted. The
striations were visibly reduced, although not entirely eliminated. This glass was
also inspected using the Raman microscope, and the result is shown in fig. 5.2,
alongside the Raman spectrum of the original glass sample. A remarkable change
in the Raman spectrum of the remelted glass is apparent, with many peaks shifted
considerably and extra modes appearing.
There are a few possibilities for the drastic change in the Raman spectrum.
First, one possible contributing factor is that the resultant glass after remelting is
composed of a less well-formed glass network. For instance, an extra mode around
1100 cm−1 appears, which can be attributed to the vibration of SiO4 tetrahedra
which include non-bridging oxygen. However, the glass transition temperature in-
creases in the remelted glass compared to the original glass, which would not be
expected if the remelted glass was composed of a less well-formed glass network.
Another possible explanation for the change in the Raman spectrum is that remelt-
ing the glass caused a change in composition, for instance, a loss of Li. Lastly, since
the striations in the sample are visibly reduced, it could be that some of the shifts
are attributable to the homogenization of the glass sample. For instance, the mode
due to the overwhelming presence of NbO6 around 800 cm
−1 is shifted, which could
be a result of the reduction in distortion of the NbO6 since they are more evenly
dispersed in the glass.
5.2 Thermal analysis of glass
In this section, the glass transition and peak crystallization temperatures, as well
as the nucleation rate as a function of temperature, are reported. The first two
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characteristics (glass transition and peak crystallization temperature) have been
previously reported and will be compared to results in the literature. The third,
the nucleation rate as a function of temperature, has not been previously measured
in these glass compositions. In addition, an extra exothermic peak at a higher
temperature than the exothermic peak due to LiNbO3 formation is discussed in this
and subsequent sections.
5.2.1 Glass transition temperature and crystallization tem-
perature for different compositions of LNS glass
The glass transition temperature, Tg, as a function of composition is shown in fig.
5.3. Tg increases slightly with an increase in SiO2 coefficient, consistent with the
work by Prapitpongwanich et al. [29]. The variation of Tg is not as significant as
would be expected because of phase separation within the glass [29].
The peak crystallization temperature, Tp, as a function of composition is shown
in fig. 5.4. Tp increases with increasing SiO2 coefficient up to 30 % and then decreases
slightly at 34 %. The work of Prapitpongwanich et al. [29] shows a similar trend, but
shifted to slightly higher SiO2 coefficient. In their case, the maximum crystallization
temperature is observed at 35 % and decreases at 40 %.
Prapitpongwanich et al. [29] did not report the presence of other crystal phases,
but a close inspection of the DSC curve, as shown in fig. 5.5, does reveal an addi-
tional exothermic peak at higher temperatures around 920◦C. For each of the LNS
compositions, fig. 5.6 shows the temperature window containing the extra exother-
mic peak at a variety of annealing temperatures. While the exothermic peak is
apparent in each composition, its appearance is most regularly apparent in the LNS
30 glass composition.
The glass samples used to perform the DSC measurements were converted to
glass-ceramics since they were ramped to temperatures that cause crystal nucle-
ation and growth. These glass-ceramics will be referred to as DSC ceramics. The
Raman spectra for a representative DSC ceramic from the LNS 30 composition is
shown in fig. 5.7. A reference z-cut LiNbO3 bulk single crystal is shown as well
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for comparison. The broadening of the DSC ceramic in the directional dispersion
regions from 150 cm−1 to 200 cm−1 and 580 cm−1 to 630 cm−1 is due to the fact that
the DSC ceramic is polycrystalline, and the volume sampled by the Raman micro-
scope contains a collection of randomly oriented crystal grains. The main difference
between the DSC ceramic and the bulk single crystal is the presence of an extra
peak in the DSC ceramic from 790 cm−1 to 840 cm−1. The extra exothermic peak is
very weak compared to the LiNbO3 exothermic peak, so the Raman signature from
the extra phase will be small.
Other works on Li and Nb containing glasses, such as LiBO2-Nb2O5 glasses
[89] and tellurite glasses [90], report on the presence of LiNb3O8 and LiNbO3 after
thermal treatment. Both works note that the propensity to create the lithium poor
phase LiNb3O8 is increased if the Li content is low. While the LNS glasses used
in this work have a nominal 1:1 ratio of Li to Nb, the actual compositions deviate
significantly from this and are listed in table 3.2.
With the exception of LNS 34, all the glasses are Li poor, with LNS 30 showing
the most drastic departure from the 1:1 ratio of Li to Nb. Thus, it is possible
that the extra phase could be the formation of LiNb3O8. The LiNb3O8 phase had
also been found to form along with LiNbO3 in some batches of the nanocrystals,
as discussed in sec. 4.5. Looking back at the Raman spectra of the DSC ceramics,
the extra peak from 790 cm−1 to 840 cm−1 is a peak that would be expected from
polycrystalline LiNb3O8 [86]. However, the lack of appearance of other peaks of
polycrystalline LiNb3O8, notably below 150 cm
−1 and around 200 cm−1, leaves this
result inconclusive.
5.2.2 Nucleation rate for different compositions of LNS glass
To measure the nucleation rate in glass as a function of temperature, a method was
pioneered by Marotta et al. [60] that has been used in subsequent works [91, 92].
The method was discussed in sec. 3.2 and is illustrated in fig. 5.8 along with the
results for the LNS glasses of interest in this work.
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The results of fig. 5.8(b) show that the nucleation rate does not change signifi-
cantly as a function of glass composition. Looking at the nucleation curves of LNS
30 and 34, there appears to be a shift of the nucleation curve to lower temperatures
for LNS 30, but this trend does not extend to LNS 26 and 22.
5.3 Raman characterization of crystals in glass
Raman spectroscopy is useful for determining crystal stoichiometry, crystal phase,
and crystal orientation. Spatially resolved Raman spectroscopy allows two or three-
dimensional maps to be collected, with each point in space possessing a correspond-
ing Raman spectrum. After selecting a region of interest, the Raman spectrum
spatial maps can detail inhomogeneity in the scanned volume. Contrast in the spa-
tial maps can be the result of various crystal phases, change in crystal orientation,
change in stoichiometry of the crystal, or the presence of a strain field.
Here, crystal lines and crystal dots formed in lithium niobosilicate glass were
characterized using Raman spectroscopy. Spatial Raman scans show that during
the growth of lithium niobate crystal lines, the crystal lattice gradually rotates until
the c-axis is oriented parallel to the laser scanning direction. Spatial Raman scans
of crystal dots formed at various laser powers show that only one crystal phase,
LiNbO3, grows at relatively low laser powers. At higher powers, the formation of
additional phases in the center of the crystal dots occurs.
5.3.1 Rotation of fs laser-induced crystal line in glass
Lithium niobate exhibits directional dispersion in its Raman spectra, where the
energy of each vibration changes as a function of the propagation direction of the
phonon within the crystal [68]. In LiNbO3, one of the largest directional dispersion
regions lies from 580 cm−1 to 630 cm−1. This corresponds to the E(TO)8-A(TO)4
directional dispersion region. This wide region can be used as a clear fingerprint of
the crystal orientation at a particular point in a spatial Raman scan.
The ability to determine the crystal orientation using directional dispersion is
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illustrated in fig. 5.9. Figure 5.9(a) shows a color map of a crystal line written at
an average laser power of 415 mW and laser scanning speed of 5 µm/s. The color
map was generated by selecting the region of interest to include the directional
dispersion region from 580 cm−1 to 630 cm−1, illustrated by the gray highlighted
region in 5.9(b). The center of gravity, or first moment, was calculated for each
Raman spectrum in this region of interest, yielding the color map. Darker and
brighter regions in the color map possess Raman spectra like the black and yellow
curves, respectively, in fig. 5.9(b).
The various Raman spectra of the crystal line can be compared to the directional
dispersion curves in ref. [68] as well as bulk single crystal standards of z-cut and
x-cut LiNbO3. Figure 5.10 shows a comparison between the Raman spectra of the
darker and brighter regions of the color map (fig. 5.10(a)) and the Raman spectra
of z-cut and x-cut bulk LiNbO3 (fig. 5.10(b)). It is clear that the darker regions in
the color map possess a spectrum similar to that of z-cut bulk LiNbO3 while the
brighter regions possess a spectrum similar to that of x-cut bulk LiNbO3.
All of the Raman spectra were collected in a backscattering geometry. From the
comparison drawn in fig. 5.10, it can be concluded that dark regions correspond
to areas where the c-axis of LiNbO3 points out of the page and brighter regions
correspond to areas where the x-axis or y-axis of LiNbO3 points out of the page.
Regions of gradual transition of color from dark to bright correspond to gradual
rotations of the crystal lattice along the laser scanning direction (as seen in the
dashed box in 5.9(a)). Regions where a grain boundary forms appear as sharp
transitions of color (as seen in the solid box in 5.9(a)). Each of these situations is
depicted schematically in fig. 5.11.
Other features in the Raman spectra can be utilized to generate contrast maps.
For example, as seen in fig. 5.9(b), the A(LO)4 mode between 800 and 900 cm
−1
increases dramatically in areas of the contrast map that are darker. Intensity fluc-
tuations in the Raman signal may occur, so if the intensity of this peak is used as a
measure of the crystal orientation, it should be normalized against the intensity of
the entire spectrum. It is better to use the directional dispersion region highlighted
by the gray window in fig. 5.9(b) since the value of the center of gravity can be
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compared directly to the E(TO)8-A(TO)4 directional dispersion curve to quantify
the crystal orientation [68].
5.3.2 Phase formation in fs laser-induced crystal dots in
glass
In addition to providing crystal orientation information, Raman spectra are also
sensitive to the crystal phases present in the volume being sampled by the Raman
microscope. The formation of single crystal LiNbO3 in the lithium niobosilicate
glass system is a challenge on two fronts: first, extraneous nucleation must be sup-
pressed to maintain single crystal growth; and second, the formation of additional
phases must be avoided. The formation of additional phases can be explored by
irradiating the glass and forming crystal dots, and afterwards, spatial mapping of
Raman spectra can be used to detail the presence and spatial distribution of the
phases.
An example of the power of this method is illustrated in fig. 5.12. Here, a
crystal dot was formed in LNS 22 glass. The map in fig. 5.12(a) shows the spatial
distribution of two phases, LiNbO3 in blue and LiNb3O8 [86] in red. The map was
formed by calculating the center of gravity in the gray highlighted region in fig.
5.12(b). The two phases show a difference in Raman intensity within this region of
interest, so the center of gravity can be used as a marker of the particular phase. It
is clear that at the center of the crystal dot, the lithium poor phase LiNb3O8 forms,
while LiNbO3 forms in the periphery.
Figures 5.5 and 5.6 detailing DSC studies of LNS glass suggest the formation of
an additional phase around 920◦C at a higher temperature than the formation of
LiNbO3 around 700
◦C. In the case of crystallization using a femtosecond laser, the
nonlinear absorption of the laser produces a temperature profile, with the volume
near the focus of the laser reaching the highest temperatures and decreasing radially
outward. The results of fig. 5.12 suggest that higher temperatures near the laser
focus are favorable for the formation of alternative phases besides LiNbO3. This
would indicate there is a temperature window within which solely LiNbO3 forms.
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To explore this hypothesis, a systematic study was undertaken where the crystal
dots were formed under various laser powers. The results are shown in figs. 5.13 -
5.16. In these figures, the same region of interest was used as in fig. 5.12. Bright
areas are indicative of an extra phase, dark areas are indicative of LiNbO3, and the
noisy region is the surrounding glass.
In fig. 5.13, an extra phase appears when operating the laser at a power of
830 mW. At an even higher power of 945 mW in figs. 5.14 and 5.15, there is also
the presence of an extra phase. In each of these cases, the extra phase appears
predominantly in the center of the crystal dot. In fig. 5.15, this phase extends out
to the periphery of the crystal dot, but the center is still composed of the extra
phase. In each of figs. 5.13 - 5.15, the Raman spectrum is similar to that of the
LiNb3O8 phase found in fig. 5.12. In addition to the similarity of peaks in the region
of interest, the presence of Raman modes below 150 cm−1 is also indicative of the
LiNb3O8 phase.
Dropping the laser to a relatively low power of 610 mW, in fig. 5.16, there
is no presence of an additional phase beyond that of LiNbO3. Thus, there are
several pieces of evidence which indicate the preferential formation of LiNbO3 at
lower temperatures and the appearance of extra phases (such as LiNb3O8) at higher
temperatures. In the DSC analysis, an extra exothermic besides that of LiNbO3
appears at higher temperatures. In the formation of crystal dots, it is found that
LiNbO3 forms on the periphery of the dot where the temperature would be lower.
Lastly, by adjusting to a low laser power, the presence of the extra phase can be
eliminated due to the resultant temperature profile being reduced along with the
laser power. LiNb3O8 forms in Li poor conditions [89], so the high temperatures
near the focus could be causing elemental migration of Li, causing the lithium poor
phase LiNb3O8 to be more likely to form. In conclusion, in addition to a desire
to eliminate the formation of polycrystalline LiNbO3 lines, there is the additional
constraint to avoid the formation of phases beyond that of LiNbO3 by control of the
temperature distribution.
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5.4 EBSD analysis of crystals in glass
EBSD provides superior spatial and angular resolution to Raman spectroscopy. The
angular resolution of EBSD can be as low as 0.5◦ [69]. It also provides an unam-
biguous determination of the crystal orientation. Pictured in fig. 5.17(b) is the
rotating lattice crystal line shown in fig. 5.9 along with an x-axis inverse pole figure
(IPF) map in fig. 5.17(a) acquired from an EBSD scan. A schematic in fig. 5.17(a)
illustrates the coordinate system used for EBSD analysis: the x-axis is parallel to
the laser scanning direction; the z-axis is perpendicular to the sample surface; and
the y-axis is perpendicular to both the x-axis and z-axis. Each IPF map is overlaid
with an image quality map to darken areas where a quality Kikuchi pattern could
not be measured, such as in the glass, at crystal grain boundaries, or along cracks or
grooves created during polishing. Within the crystal, the observed Kikuchi patterns
correspond to a LiNbO3 crystal structure. The IPF map is interpreted by looking
at what crystal direction lies along one of the pre-defined axes. A crystal direction
is associated with a color on the inverse pole figure (fig. 5.17(a)). Also pictured
in fig. 5.17(a) are some unit cells along the length of the crystal line to illustrate
the rotation of the crystal lattice along the length of the crystal. The EBSD scan
confirms the previous observation through Raman spatial mapping, while providing
an unambiguous determination with high angular resolution of the orientation of
the crystal lattice. The crystal line rotates until it becomes c-axis (red coloration)
oriented.
It is important to find parameters (laser power, laser scanning speed) at which
single crystal LiNbO3 forms in the different glass compositions. EBSD allows for
a quick, clean determination of the lattice orientation of a crystal line. In an IPF
map, a single crystal line would appear as a uniform color, whereas a polycrystalline
line appears as a variety of colored grains.
Besides finding parameters for reproducible growth of single crystal LiNbO3, it is
also valuable to compare crystal growth in each composition. The varying amount
of glass former, SiO2, in each glass explored in this work may alter the crystal
nucleation and growth rates, affecting the ability to grow single crystal LiNbO3.
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5.4.1 Graded index single crystal in glass
Lithium niobate crystals were grown in 3D through localized heating by femtosecond
laser irradiation deep inside LNS 30 glass. Laser scanning speed and power were
systematically varied to control the crystal growth process and determine the opti-
mal conditions for the formation of single crystal lines. EBSD measurements showed
that, in principle, single crystals can be grown to unlimited lengths using optimal
parameters. The parameters were successfully tuned to a growth mode where nu-
cleation and growth occur upon heating and ahead of the scanning laser focus. This
growth mode eliminates the problem reported in previous works of non-uniform
polycrystallinity because of a separate growth mode where crystallization occurs
during cooling behind the scanning laser focus. The crystal cross-sections possessed
a symmetric, smooth lattice misorientation with respect to the c-axis orientation in
the center of the crystal. Calculations indicate the observed misorientation leads
to a decrease in the refractive index of the crystal line from the center moving out-
wards, opening the possibility to produce within glass a graded refractive index
single crystal (GRISC) optically active waveguide. The work of this sub-section has
been published in Scientific Reports [93].
Figure 5.18(a) displays the influence of varying laser scanning speed while keep-
ing the laser power constant on the crystal shape, size, and microstructure. The
figure shows x-axis inverse pole figure (IPF) maps of crystal lines and their cross-
sections for crystals written at a power of 830 mW and at a scanning speed of 25,
35, 55, or 75 µm/s. The crystals were grown in 3D, inside the glass at a depth of 200
µm below the surface. To prepare the sample for EBSD measurements, the crystals
were brought to the glass surface by polishing.
A trend is exhibited in fig. 5.18(a) where the crystallized volume decreases with
increasing scanning speed. In addition, the scanning speed has a clear impact on the
degree of polycrystallinity of the crystal line as noted in terms of the number and
size of grains of varying orientation (i.e. colors in the figure). There were parameters
at which crystal lines could be created where essentially the entire crystallized area
in the cross-section is a single crystal (such as the 25 µm/s case in fig. 5.18(a))
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with the c-axis nearly parallel to the scanning direction. As the scanning speed is
increased, the single crystal is broken up into many grains, which increase in number
and decrease in size.
Expanding the search of the parameter space in terms of laser heating, fig.
5.19(a) displays the combined influence of both laser scanning speed and power on
crystal growth. The figure shows x-axis IPF maps of the crystal line cross-sections
for a variety of parameters. Several observations can be made from this figure.
First, decreasing the power reduces the crystallized volume, in agreement with the
results of ref. [26]. In addition, consistent with the results shown at 830 mW in fig.
5.18(a), at all powers, increasing the scanning speed results in a reduction of the
crystallized volume. Also at all powers, as the scanning speed is increased, there is
a transition from single crystal cross-sections to polycrystalline cross-sections with
decreasing grain size (20–30 µm down to 2–3 µm). It is clear from fig. 5.19(a) that
for lower powers this transition occurs at slower speeds.
After developing an understanding of the parameter space, attention can now be
focused on the properties of the crystal lines formed with the best-case parameters
(such as 830 mW and 15 µm/s; 830 mW and 25 µm/s; and 715 mW and 15 µm/s).
A Raman spectrum is shown in fig. 5.20(a) for the crystal line grown at 715 mW and
15 µm/s, along with Raman spectra for the host glass and a reference stoichiomet-
ric LiNbO3 (SLN) bulk single crystal. Raman spectroscopy probes the vibrational
modes of the crystal and reveals a collection of characteristic peaks, allowing the
crystal structure to be identified. Consistent with the Kikuchi patterns acquired
from EBSD, the Raman spectrum of the crystal in glass is indicative of a LiNbO3
crystal structure. The apparent peak broadening of the Raman modes of the crystal
in glass relative to the stoichiometric, unconfined single crystal can be attributed to
the crystal in glass deviating in composition from stoichiometric LiNbO3, as well as
inhomogeneous stresses from confinement by the glass matrix.
In the backscattering geometry detailed in fig. 5.20(b), one would expect that
the crystal line was c-axis oriented, based on the x-axis IPF map of this crystal in
fig. 5.19(a). Then the Raman spectrum should appear as that of bulk z-cut LiNbO3
in backscattering geometry with laser probe beam incident along the c-axis. The
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measurement of a bulk z-cut stoichiometric LiNbO3 Raman spectrum in fig. 5.20(a)
is indeed similar to the Raman spectrum of the crystal line grown in glass.
An x-axis IPF map of the crystal line written at 715 mW and 15 µm/s in fig.
5.21(a) exhibits uniform coloration that is indicative of single crystal over a length
scale of 100 µm. Also, fig. 5.21(b) shows a map of angular misorientation with
respect to the c-axis oriented parallel to the laser scanning direction, revealing a
unique feature as yet unobserved in previous works. There is a discernible lattice
misorientation which increases smoothly outward from the crystal center. EBSD
provides the exact lattice orientation at each point in the map. However, a scalar
misorientation map can lead to some ambiguity in the exact lattice orientation with
respect to the reference direction. To clarify this, a representative case of the lattice
orientation is shown along the crystal line’s width in fig. 5.21(d). Figure 5.22(a)
features the angular misorientation in the crystal line’s cross-section, revealing a
radially symmetric misorientation with respect to the center of the crystallized vol-
ume. The misorientation angle varies linearly as a function of distance from the
center with a slope of 1.5◦/µm and reaches a maximum misorientation angle of 15◦.
Another intriguing aspect of the crystal growth is a gradual crystal rotation
towards c-axis oriented crystal lines. This feature is somewhat evident in fig. 5.18(a)
for the crystal grown at 830 mW and 25 µm/s. There, the x-axis IPF map shows
a transition in color from greenish-orange to a deeper color orange going along the
growth direction from left to right. A clearer example of such a rotation is shown
in fig. 5.23(a) for another crystal line grown under the same condition. The crystal
ultimately aligns itself with the c-axis parallel to the laser scanning direction.
The results presented in figs. 5.18(a), 5.19(a), and 5.21(a) show that there
are parameters of laser scanning speed and power at which single crystals can be
grown reproducibly. Very small polycrystalline structures appear at the top and
bottom of these crystal cross sections. This likely results from a slight distortion
of the temperature gradient at the top and bottom due to spherical aberration.
The ability to grow crystals of practically unlimited length is an important step
toward evaluating the potential of LiNbO3 single crystal lines in glass for optical
applications such as waveguiding.
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An interesting feature was noticed where the crystal rotates until the c-axis is
oriented parallel to the laser scanning direction. At the crystal’s nucleation point,
such as at the right end of fig. 5.21(a), a group of randomly oriented crystals are
formed. A seed with its c-axis exactly parallel to the scanning direction is not at
the leading edge or is not able to immediately dominate the growth. Rather, there
is a gradual rotation from a random orientation toward the c-axis situated parallel
to the laser scanning direction. Upon reaching this orientation the crystal continues
to grow with c-axis orientation. Eventually, the growth is interrupted, as shown
in fig. 5.21(a), due to glass inhomogeneity or translation stage instability. Another
possible interruption is the formation of a V-shaped grain boundary as will be shown
in sections to follow. Subsequently, after one of these interruptions, a new nucleation
occurs, and the same process starts again. If this rotation can be controlled, it may
be useful in quasi-phase matching nonlinear interactions.
Some previous work can be brought into perspective by the present results.
One aspect of the work of He et al. [26] which can be explained is the oscillation
in brightness along the crystal lines in the IR second harmonic (SH) microscopy
images. This is likely a result of the crystal rotation observed in figs. 5.18(a) and
5.23(a). The x-axis IPF map in fig. 5.23(a) shows that the crystal rotates to c-axis
parallel to the laser scanning direction, and the y-axis IPF map shows that it was
originally perpendicular to the laser scanning direction. Such a rotation would cause
a significant variation in the SH microscopy images.
The lattice misorientation map in fig. 5.21(d) gives information about crystal
alignment, from which details about the crystal growth dynamics can be inferred.
Other works have explained the tendency for oriented crystal growth along the
laser-induced temperature gradient [22, 24, 25, 56]. It is proposed that the observed
misorientation arises when crystal nucleation and growth occur during heating at
the leading end of the laser focus. Nuclei formed at the leading end of the laser
focus will align with their c-axis parallel to the temperature gradient, resulting in
the lattice arrangement illustrated in fig. 5.21(d). The result is a convex growth
front where at each point along the front, the c-axis grows perpendicular to it.
It is remarkable that the misorientation continues all the way to the center of the
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crystal, as shown in fig. 5.22(b). This could be a sign that the crystal is not being
melted as the laser focus passes by. This phenomenon is illustrated in fig. 5.24. The
black lines represent the isotherms and are elongated due to the laser focus being
scanned [25]. The observed alignment is that of the unit cells on the left side of the
figure, corresponding to growth upon heating at the leading end of the laser focus.
If melting had occurred, crystal nucleation and growth would reoccur upon cooling
at the trailing end of the laser focus. Hence, if melting would have occurred within
the focus but slightly off-center, the c-axis would tilt inward due to the orientation
of the temperature gradient at the trailing end of the laser focus, as pictured in the
right side of fig. 5.24. However, an outward tilt is observed for the off-center area.
The possibility that the very center of the crystal was melted cannot be completely
ruled out since for that region the direction of the heat profile is identical during
heating and cooling.
Another piece of evidence pointing to a solid-state, glass-to-crystal transforma-
tion is the fact that no additional crystalline phases were observed in the crystal
lines. As shown in sec. 5.2.1, there is an additional exothermic peak at a higher
temperature than the LiNbO3 exothermic peak. In sec. 5.3.2, the results indicated
the formation of LiNb3O8 when higher laser powers were used. It is important to
take care in comparing the data for the crystal lines with the data for the crystal
dots. Crystal dots showed the presence of the LiNb3O8 phase when formed at 830
mW (fig. 5.13), a power at which no extra phase was seen when writing crystal lines
(fig. 5.19). This can be understood by the fact that scanning the laser focus reduces
the heat accumulation (and thus, the temperature) in one particular spot as com-
pared to static placement of the laser focus. Had higher temperatures been realized,
the presence of extra phases might have been observed in the crystal lines. Since
the additional exothermic peak is below the melting point, this is further evidence
for a solid-state, glass-to-crystal transformation.
Fan et al. [25] proposed that their fs laser written highly oriented crystals were
the result of crystal growth during cooling, parallel to the temperature gradient, at
the trailing end of the scanning laser focus. The present work has found parameters
at which a different crystal growth mode occurs, similar to that reported recently
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by Savytskii et al. [34] using a CW laser, resulting in crystallization during heating
ahead of the laser focus. Compared to the results of ref. [25], the different growth
mode could be attributed to the lower repetition rate used in these experiments (200
kHz instead of 300 kHz used in ref. [25]). A lower repetition rate leads to less heat
accumulation, directly impacting the temperature profile. The reduced temperature
profile does not wipe out crystallization ahead of the laser focus, allowing this growth
mode to dominate.
The temperature gradient resulting from nonlinear absorption of the laser beam
dictates the crystal orientation, so the Gaussian distribution of the laser beam in-
deed impacts the crystal misorientation profile. Beam shaping via a spatial light
modulator could allow for more complex temperature distributions, growth fronts,
and crystal orientation profiles.
At present, a limiting factor which restricts the single crystal line length to
∼100µm and ultimately causes a disruption in the crystal growth is glass inhomo-
geneity, appearing as striations within the glass. The stability of the sample trans-
lation stage is also a likely source of disruption of crystal growth. Future work will
include improvement of glass quality to reduce inhomogeneity, allowing for crystal
growth to much longer dimensions.
Finally, it is interesting to highlight the potential enhancement of the crystal
line’s optical waveguiding capabilities due to the radial lattice misorientation ob-
served in the crystal cross-section - see fig. 5.22. As will be shown in the following,
the misorientation leads to a graded index crystal that enhances optical mode con-
finement. A graded index profile also offers other advantages such as a reduction in
signal distortion due to modal dispersion and the ability to create a microlens [94].
The refractive index profile within the crystals is deduced using the misorien-
tation angle maps of fig. 5.22. In a negative uniaxial crystal, such as LiNbO3,
the refractive index experienced by the extraordinary ray varies with the angle θ
between the propagation direction and the optic axis. The refractive index for the
extraordinary ray is given by:
n(θ) =
none√
n2o sin
2 θ + n2e cos
2 θ
(5.1)
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where ne and no are the extraordinary and ordinary refractive indices, respectively
[95]. The Taylor series expansion of equation (5.1) gives the following approximate
expression for the refractive index profile:
n(θ) ≈ no
[
1 +
1
2
(
1−
(
no
ne
)2)
θ2
]
(5.2)
As shown in fig. 5.22, the misorientation angle linearly increases with the radial
distance from the center of the crystal. Thus, the refractive index profile has a
parabolic spatial variation, the same as graded index fibers [94]:
n(θ) ≈ no
[
1 +
1
2
(
1−
(
no
ne
)2)
m2r2
]
(5.3)
where m is the slope of the misorientation angle vs. position curve (about 1.5◦/µm)
and r is the radial distance from the center of the crystal.
One can compare the theoretical calculations of the mode profiles for radially
symmetric graded index and step index waveguides. Applying equation (5.1), the
misorientation of approximately 15◦ leads to a refractive index variation from the
center to the edge of the crystal of approximately ∆nGr. = 0.0051, using the refractive
indices of LiNbO3: ne = 2.1381 and no = 2.2112 at λ = 1550 nm [96]. The step index
between crystal and glass ∆nS.I. was taken to be on the order of a few tenths: ∆nS.I.
= 0.2. Graded index and step index waveguides of 10 µm radius were simulated
using MODE solutions software. Each waveguide’s fundamental mode profile of the
electric field, along with its corresponding refractive index profile, is shown in fig.
5.25.
All radial refractive index distributions can have their corresponding fundamen-
tal modes approximated by a Gaussian profile [97]. Shown in fig. 5.26 is an intensity
line profile for each waveguide along with its Gaussian fit. The full-width-at-half-
maximum (FWHM) is 9.2 µm for the step index mode and 6.8 µm for the graded
index mode. Most notable in terms of waveguiding properties, the graded index
profile within the crystal dominates over the step index profile from crystal to glass.
For the case of the graded index profile, the optical mode is almost completely
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guided within the crystal, reaching very little into the interface region between the
crystal and the glass, shown schematically as gray blocks in fig. 5.26. This mode
confinement will drastically reduce the scattering at the rough crystal-glass inter-
face. The advantage could be further enhanced by increasing the index gradient
m. For example, a twofold increase of m from the current experimental values of
1.5◦/µm would further reduce the FWHM of the intensity profile to 4.8 µm.
The crystals in glass grown in this work possess a step index from crystal to glass,
and in addition, the crystals have been proposed to possess a graded refractive index.
The large step index does not meet the weak waveguiding condition, a condition
which dictates the degree of modal dispersion within the waveguide. The detriment
of a waveguide failing to meet this condition lies in the fact that the modal dispersion
would cause signal distortion during transmission.
However, the modal dispersion would not be impactful in the waveguide concep-
tualized in this work for two reasons. First, as is known for graded index glass fibers,
the graded index profile of the waveguide modeled here would drastically reduce the
modal dispersion. Second, these waveguides would not be used for long distance
optical transmission, where time delays become significant.
The published work of this sub-section was limited to an exploration of fs laser-
induced crystallization in LNS 30 glass. The next step in investigating fs laser-
induced crystallization in LNS glass is to compare crystal nucleation and growth
between different compositions, as well as to probe how laser power and laser scan-
ning speed impact the lattice misorientation and rotation observed here. The next
few sub-sections address these topics.
5.4.2 Effect of glass composition on formation of crystals in
glass
The nucleation rate curves of fig. 5.8 do not show a significant variation as a function
of glass composition. In addition, there is no discernible difference as a function of
composition in the time it takes to nucleate a crystal in the bulk of the glass using
the fs laser. For all compositions of LNS glass, nucleation in the bulk using a fs
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laser occurs within a minute or two, far more rapidly than in the case of LaBGeO5.
Nucleation is one part of the process of crystal formation. Crystal growth rate
is another important property which may be affected by glass composition.
Before considering the difference in crystal growth between glass compositions,
some common features across all compositions can be described. For a constant
laser power, as the laser scanning speed is increased, the width of the crystal is
reduced. In addition, above a certain threshold speed, the crystal line exhibits
extreme polycrystallinity, appearing as a collection of randomly oriented crystallites
each with size on the order of a few microns. These features are illustrated for LNS
34 in fig. 5.27, for LNS 30 in fig. 5.19, and for LNS 22 in fig. 5.28. In addition,
as the laser power is increased, the threshold to extreme polycrystallinity occurs at
faster laser scanning speeds. This is illustrated in fig. 5.19.
The presence of a threshold speed above which extreme polycrystallinity occurs
shows the interplay between nucleation and crystal growth. In this situation, the
crystal growth rate cannot keep pace with the laser scanning speed. As a result,
there is no continuous crystal growth along the length of the line. A critical speed
such as this was observed in LaBGeO5 glass by A. Stone [2], but in that case, once
the crystal could not keep pace, no new nucleation occurred. However, in the LNS
system, due to the high nucleation rate, nucleation occurs continuously, and in each
instance, the crystallite can only grow a few microns.
Unlike the nucleation rate, the crystal growth rate is indeed affected by glass
composition. Figures 5.29, 5.30, and 5.31 show how the crystal growth rate is
reduced in the glass with higher amount of SiO2. Fig. 5.29 compares crystals grown
in LNS 34 and 22 at the same power but different scanning speeds. While at 25
µm/s, the crystal grown in LNS 34 is in the extreme polycrystalline growth mode,
at nearly twice the speed, large crystal formation still occurs in LNS 22.
Figs. 5.30 and 5.31 show crystals grown at the same laser power and scanning
speed in LNS 34 and LNS 22. For these same parameters, there is a stark difference
in crystal growth between the two compositions. There are parameters for single
crystal formation in LNS 22 as shown in fig. 5.30, while for LNS 34, the scanning
speed is too high for continuous growth. It is clear that the crystal growth rate is
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higher in LNS 22 compared to LNS 34.
From fig. 2.2, the reason for the difference in crystal growth rate between LNS 34
and LNS 22 becomes apparent. LNS 34 lies within the glass forming region in both
diagrams. Due to being within the glass forming region, the crystal growth rate
in LNS 34 is markedly reduced. In (fig. 2.2 (a)), there is a discrepancy where the
one work (corresponding to the blue and green dots) observes a well-defined glass
forming region, while the other work (corresponding to the black and red dots)
observes the formation of a glass at LNS 22, lying outside the well-defined glass
forming region represented by the blue and green dots. Nonetheless, since LNS 22
is nearer to the edge of the glass forming region than LNS 34, the rate of crystal
formation is increased relative to LNS 34.
All of the figures so far have shown the extreme polycrystalline growth mode for
LNS 34. There are, however, parameters of laser power and scanning speed where
this growth mode does not occur in LNS 34. Figure 5.32 demonstrates this.
5.4.3 Measurement of rotation rate and misorientation rate
in crystals in glass
The lattice misorientation and rotation illustrated in figs. 5.21 and 5.23, respectively,
are features present in all crystals that do not exhibit extreme polycrystallinity. To
distinguish these two features, misorientation refers to changes in lattice orientation
transverse to the laser scanning direction, while rotation refers to changes in lattice
orientation along the laser scanning direction.
It would be useful to better understand how the misorientation rate (also referred
to as the graded index m in eq. 5.3) changes with crystal growth parameters such
as laser scanning speed, since m dictates the degree of mode confinement in the
graded index waveguide. In addition, understanding the rotation would allow the
conception of a quasi-phase matching scheme similar to that used in periodically
poled LiNbO3 waveguides [98, 99].
The IPF color maps illustrate misorientation and rotation nicely, but to con-
duct a quantitative analysis of the misorientation, grayscale maps were generated
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detailing the deviation in degrees from a reference direction. From these grayscale
maps, line profiles can be obtained showing how the deviation angle changes over
the length of the crystal. Line profiles were taken as shown in figs. 5.33 and 5.34.
In the case of the misorientation rate, the profiles appeared as absolute value
functions. The misorientation rate (the slope) is not always the same on each side
of the origin, so each side was fitted to a line, and the two slopes were averaged
together.
In the case of studying the rotation rate, the profiles mostly appeared as shown
in fig. 5.34(a), with an exponential decay of the deviation angle from the reference
direction over the length of the crystal. There were some profiles which appeared
linear, and a couple of profiles appeared as sigmoid functions. However, the majority
had a decaying exponential shape. It is interesting to note that the rotation profile
for fs laser written lithium niobate crystals in glass is predominantly not linear,
unlike the work of Savytskii et al. [5], where a linear rotation profile was observed
in crystals formed on the surface of Sb-S-I glass with a CW laser. Another difference
is that Savytskii et al. observe a fixed orientation for one of the crystal directions,
which acts as the axis of rotation. This direction was perpendicular to the laser
scanning and surface normal directions. The rotation is more complicated in the
lithium niobate crystal lines. There is not a fixed crystal orientation parallel to the
plane of the surface as observed by Savytskii et al. There are also two effects on
the lattice alignment, misorientation and rotation. This can be envisioned as in fig.
5.35. The rotation of the cone represents the rotation of the c-axis towards the laser
scanning direction (defined as the x-axis). The c-axis is in the center of the solid
angle subtended by the cone, and the solid angle is the misorientation of the crystal.
There are two quantities of interest in fitting the rotation profiles with an ex-
ponential decay, y = Ae−bx: the length scale over which the rotation occurs (1/b)
and the initial magnitude of the deviation angle relative to c-axis orientation (A).
To acquire decent data about the initial magnitude of the deviation angle, fits were
only performed in those cases where a line profile could be taken right after an in-
terruption in growth occurred or a V-shaped grain boundary formed (an example of
these V-shaped grain boundaries is apparent in fig. 5.32). While the crystals show a
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tendency to ultimately align with the c-axis parallel to the laser scanning direction,
the initial orientation after a V-shaped grain boundary deviates significantly from
this alignment.
Tables showing the comprehensive results for the misorientation rate and rota-
tion rate over the parameter space of composition, laser scanning speed, and laser
power are shown in tables 5.2, 5.3, and 5.4. From this listing, some trends can be
highlighted.
The rate of misorientation as a function of laser scanning speed is shown in fig.
5.36. It is apparent that as the laser scanning speed is increased from 5 to 35-55
µm/s, the misorientation rate decreases by a factor of 2. A factor of 2 would make
the refractive index contrast within the crystal change by a factor of 4 (eq. 5.3). The
change in the misorientation rate can be explained by a warping in the shape of the
temperature profile with increasing laser scanning speeds. Reference [25] models the
temperature profile around the fs laser focus, showing the oblong elliptical shape of
the temperature contours when the laser is being translated within the glass sample.
The exponential fitting parameters describing the rotation rate are shown as
a function of glass composition in fig. 5.37. Crystals in LNS 22 show the lowest
initial deviation angle relative to c-axis rotation. In addition, the crystals in LNS
22 shows the slowest rate of rotation towards c-axis orientation (smallest b). The
low initial deviation angle in LNS 22 is potentially an indication that it is easiest in
this composition to have a crystal that is already close to c-axis alignment nucleate
at the leading edge of the growth front and dominate the growth. LNS 30 and 34
show a wide range of initial deviation angles at which the crystals form. This wide
variability may be an indication of a stochastic process. The sample size is small,
so it is difficult to make conclusive statements about the crystal lattice rotation.
Looking at fig. 5.38, we see a combination of the effects of initial deviation
angle and rotation rate. The figure shows that for the same parameters of laser
power and scanning speed, the predominant orientation of the crystal changes with
composition. While crystals formed in LNS 22 display the slowest rotation rate,
they also start closest to c-axis orientation, meaning the predominant orientation
along the crystal line is close to or directly parallel to the c-axis. The crystals in
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LNS 34 start with a large deviation angle from c-axis orientation, and for these
particular laser processing parameters, the rotation rate is not especially high. As a
result, the predominant orientation along the laser scanning direction is off of c-axis.
The lattice rotation phenomena will require a larger sample size of data to provide
a clearer picture, but the ability to grow crystals where the c-axis is not parallel to
the laser scanning direction is potentially very valuable, as high non-linear optical
coefficients such as d33 [100] can be accessed that would be unavailable with the
c-axis oriented along the laser scanning direction.
Given that the observed rotation profiles are decaying exponentials, a differential
equation can be written down to describe the rotation. As a function of distance
along the crystal line, x, the deviation angle relative to the c-axis orientation along
the laser scanning direction, θ(x), can be described by the differential equation:
dθ
dx
= −bθ (5.4)
One conjecture for the meaning of b is that it depends on the steepness of the
temperature profile induced by the fs laser, with steeper temperature profiles result-
ing in higher values of b (faster rates of rotation). The steepness of the temperature
profile will depend on both the laser power and laser scanning speed. An increase
in laser power generates a steeper temperature profile. An increase in laser scan-
ning speed allows less heat accumulation in any one location, generating a gentler
temperature profile. By fixing one of these variables, an inspection of table 5.4 can
test the hypothesis about the origin of b. In the LNS 34 section of table 5.4, looking
at the values of b for when the speed is held constant at 5 µm/s, one can observe
how b varies with laser power. This is shown in fig. 5.39, where the error for a
collection of data points is the standard deviation, and the error for a single data
point (as in the case of 515 and 830 mW) is taken from the error of the exponential
fit. This data indicates that the rotation rate may not depend on the steepness of
the temperature profile. A larger data set can further test this and other hypotheses
about the origin of b.
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Figure 5.1: Raman spectra of various compositions of LNS glass (see table 3.2).
90
Energy (cm−1) Identification of vibrational mode
70 Vibration of Li+ against niobium-oxygen polyhedra[87]
460 Couple combination of Si-O-Si bond-bending vibration[88]
560, 1000, 1100 Vibrations of SiO4 tetrahedra[87]
1100 Vibration of SiO4 unit with non-bridging oxygen[88]
240 Bending vibration of O-Nb-O[88]
650 Stretching vibration of Nb-O bond that is less distorted or is
without non-bridging oxygen[88]
800 Short vibration of Nb-O in NbO6 octahedra with non-bridging oxygen or
severe distortion caused by overwhelming quantity of NbO6 octahedra[88]
870 Vibration of Nb with neighboring non-bridging oxygen[87]
Table 5.1: Identification of the Raman modes in LNS glass.
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Figure 5.2: Change in the Raman spectrum of LNS 30 glass due to an additional remelt
step to remove striations in the glass.
Figure 5.3: Change in the glass transition temperature as a function of composition of
the LNS glass.
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Figure 5.4: Change in the peak crystallization temperature as a function of composition
of the LNS glass.
Figure 5.5: Several DSC curves for LNS 34 glass, with the extra exothermic peak ex-
panded on the right.
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Figure 5.6: DSC curves for each composition of LNS glass at a variety of annealing
temperatures.
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Figure 5.7: Raman spectra of select glass-ceramics formed during DSC runs.
Figure 5.8: (a) Shift of LNS 34 peak crystallization temperature due to an annealing
step. (b) Change in nucleation rate curve as a function of composition of
the LNS glass.
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Figure 5.9: (a) Contrast map of a crystal line (composition: LNS 34, laser power: 415
mW, laser scanning speed: 5 µm/s) (b) generated by calculating the center
of mass in the region of interest (gray window) in the Raman signal. The
scale bar corresponds to 10 µm. The full length of the map is 200 µm.
Figure 5.10: Comparison of Raman spectra (a) collected from the crystal line in glass
shown in fig. 5.9 and (b) collected from z-cut and x-cut LiNbO3 bulk single
crystals.
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Figure 5.11: Schematic showing how the phonon propagation direction in a crystal
depends on the orientation of the crystal lattice due to (a) rotation of the
crystal lattice and (b) formation of a grain boundary. Ki, Ks, and Kphonon
are the direction of propagation of the incident light, scattered light, and
generated phonon, respectively.
Figure 5.12: (a) Contrast map of a crystal dot showing the presence of LiNbO3 and
LiNb3O8. (b) The contrast map was generated by calculating the center of
mass in the region of interest (gray window) in the Raman signal.
Figure 5.13: (a) Contrast map of a crystal dot formed at the surface of LNS 22 glass
with the laser operated at 830 mW, showing the presence of LiNbO3 and
LiNb3O8. (b) The contrast map was generated by calculating the center of
mass in the region of interest (gray window) in the Raman signal.
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Figure 5.14: (a) Contrast map of a crystal dot formed at the surface of LNS 22 glass
with the laser operated at 945 mW, showing the presence of LiNbO3 and
LiNb3O8. (b) The contrast map was generated by calculating the center of
mass in the region of interest (gray window) in the Raman signal.
Figure 5.15: (a) Contrast map of a crystal dot formed at the surface of LNS 22 glass
with the laser operated at 945 mW, showing the presence of LiNbO3 and
LiNb3O8. (b) The contrast map was generated by calculating the center of
mass in the region of interest (gray window) in the Raman signal.
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Figure 5.16: (a) Contrast map of a crystal dot formed at the surface of LNS 22 glass
with the laser operated at 610 mW, showing the presence of only LiNbO3.
(b) The contrast map was generated by calculating the center of mass in
the region of interest (gray window) in the Raman signal.
Figure 5.17: Comparison of (a) the x-axis IPF map, collected by EBSD, of the crystal
line from fig. 5.9 with (b) its Raman map. The scale bar correspond to 10
µm.
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Figure 5.18: Effect of laser scanning speed on laser-induced formation of LiNbO3 crystals
in LNS 30 glass. (a) Top and cross-section views of x-axis IPF maps for
crystal lines written at a power of 830 mW and at a scanning speed of 25,
35, 55, or 75 µm/s. Scale bar corresponds to 25 µm. (b) Inverse pole figure
which assigns crystal directions to a certain color. (c) Coordinate system
used throughout this work: the x-axis is parallel to laser scanning direction;
the z-axis is perpendicular to sample surface; the y-axis is perpendicular
to the x-axis and z-axis.
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Figure 5.19: Effect of laser power and scanning speed on laser-induced formation of
LiNbO3 crystals in LNS 30 glass. (a) Cross-section view of x-axis IPF maps
for crystal lines grown at a variety of laser scanning speeds and powers.
Scale bar corresponds to 25 µm. (b) Close-up view of a crystal cross-section
with laser parameters defined. (c) Inverse pole figure. (d) Coordinate
system.
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Figure 5.20: Raman spectroscopy of LiNbO3 crystal in LNS 30 glass. (a) Raman spectra
acquired in a backscattering geometry for a c-axis oriented crystal line
(grown at 715 mW and 15 µm/s) and bulk z-cut stoichiometric LiNbO3.
(b) Schematic of backscattering geometry.
Figure 5.21: Lattice misorientation in laser-induced crystal in LNS 30 glass. (a) X-axis
IPF map of a crystal line grown at 715 mW and 15 µm/s showing highly
oriented growth over a 100 µm length. Scale bar corresponds to 25 µm. (b)
Map of angular misorientation with respect to the c-axis oriented along the
laser scanning direction. (c) Inverse pole figure. (d) Close-up view of the
misorientation map at the left end of the crystal line along with lattices to
illustrate the misorientation.
102
Figure 5.22: Line profiles of lattice misorientation in laser-induced crystals in LNS 30
glass. Cross-section view of angular misorientation with respect to the c-
axis orientation in the center of the crystal for crystal lines grown at (a)
715 mW and 15 µm/s and (b) 830 mW and 15 µm/s. The graphs below
and to the right of each map are line profiles taken along the black lines on
each map.
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Figure 5.23: Lattice rotation towards c-axis orientation in laser-induced crystal in LNS
30 glass. (a) IPF maps of a crystal line grown at 830 mW and 25 µm/s
showing tendency for lattice rotation to the c-axis parallel with the laser
scanning direction. Scale bar corresponds to 25 µm. (b) Inverse pole figure.
(c) Coordinate system.
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Figure 5.24: Schematic of the temperature profile around the focus (the black dot) of
the femtosecond laser with isotherms shown as black lines and the tem-
perature gradient shown as red arrows. The growth mode during heating
with corresponding alignment of unit cells along the temperature gradient
is shown on the left at the leading end of the laser focus.
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Figure 5.25: Optical waveguide modeling of laser-induced crystals in glass. Fundamental
quasi-transverse electric field mode profiles for 10 µm radius (a) step index
and (c) graded index waveguides. The corresponding (b) step and (d)
graded refractive index profiles are shown beneath each mode profile. Note
the different y-axis for each of the refractive index profiles.
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Figure 5.26: Comparison of different simulated waveguide intensity profiles at crystal-
glass interface. Intensity line profiles of the fundamental modes for step
index and graded index waveguides with their corresponding Gaussian fits.
Gray areas highlight the crystal-glass interface.
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Figure 5.27: Crystal growth as a function of laser scanning speed at a fixed laser power
(415 mW) in LNS 34 glass. Scale bar correspond to 25 µm.
Figure 5.28: Crystal growth as a function of laser scanning speed at a fixed laser power
(810 mW) in LNS 22 glass. Scale bar correspond to 25 µm.
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Figure 5.29: Comparison of crystal growth in LNS 22 and LNS 34. Scale bar correspond
to 25 µm.
Figure 5.30: Comparison of crystal growth in LNS 22 and LNS 34. Scale bar correspond
to 25 µm.
Figure 5.31: Comparison of crystal growth in LNS 22 and LNS 34. Scale bar correspond
to 25 µm.
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Figure 5.32: Crystals grown in LNS 34. Scale bar correspond to 25 µm.
Figure 5.33: Misorientation grayscale map with corresponding line profile taken along
the white line.
Figure 5.34: Rotation grayscale map with corresponding line profile taken along the
white line.
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Figure 5.35: Schematic of the rotation in lithium niobate crystals in glass. The rotation
of the cone represents the rotation of the c-axis towards the laser scanning
direction (defined as the x-axis). The c-axis is in the center of the solid
angle subtended by the cone, and the solid angle is the misorientation of
the crystal.
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Composition Laser scanning Laser Misorientation
speed (µm/s) power (mW) rate (◦/µm)
LNS 34 5 830 1.49
LNS 34 5 715 1.81
LNS 34 5 715 1.62
LNS 34 5 715 1.87
LNS 34 5 610 1.76
LNS 34 5 610 1.49
LNS 34 5 610 1.39
LNS 34 5 610 1.75
LNS 34 5 610 1.54
LNS 34 5 515 2.18
Ave. ± St. Dev.
1.69± 0.22
LNS 30 15 955 0.64
LNS 34 15 830 1.05
LNS 34 15 830 1.01
LNS 34 15 830 0.87
LNS 34 15 715 1.13
LNS 30 15 715 0.76
LNS 30 15 715 0.80
Ave. ± St. Dev.
0.89± 0.16
LNS 34 25 830 1.06
LNS 34 25 830 1.13
LNS 30 25 830 0.65
LNS 30 25 830 0.90
LNS 30 25 830 0.35
LNS 30 25 830 0.57
LNS 30 25 830 1.06
LNS 30 25 830 0.97
LNS 30 25 830 0.81
Table 5.2: Table of measured misorientation rates of crystals in glass, categorized and
averaged in groups of the same laser scanning speed.
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Composition Laser scanning Laser Misorientation
speed (µm/s) power (mW) rate (◦/µm)
LNS 30 25 830 0.56
LNS 30 25 830 0.80
LNS 30 25 830 1.22
LNS 22 25 810 1.24
LNS 22 25 810 0.91
LNS 22 25 610 1.24
Ave. ± St. Dev.
0.90± 0.27
LNS 34 35 830 0.55
LNS 22 35 810 0.75
LNS 22 35 810 0.71
LNS 22 35 810 0.74
LNS 22 35 610 0.65
Ave. ± St. Dev.
0.68± 0.07
LNS 22 45 810 0.64
LNS 22 45 610 0.61
LNS 22 45 610 0.56
Ave. ± St. Dev.
0.60± 0.04
LNS 22 55 610 0.61± 0.02
Table 5.3: Table of measured misorientation rates of crystals in glass, categorized and
averaged in groups of the same laser scanning speed, continued.
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Composition Laser scanning Laser A (◦) b (1/µm)
speed (µm/s) power (mW)
LNS 34 35 830 41.4 0.033
LNS 34 25 830 41.9 0.034
LNS 34 15 830 24.6 0.043
LNS 34 15 830 52.4 0.013
LNS 34 5 830 19.7 0.037
LNS 34 5 715 28.8 0.052
LNS 34 5 715 20.7 0.034
LNS 34 5 715 71.8 0.082
LNS 34 5 610 51.1 0.045
LNS 34 5 610 48.0 0.054
LNS 34 5 610 41.8 0.034
LNS 34 5 610 52.3 0.033
LNS 34 5 515 59.3 0.044
Ave. ± Ave. ±
St. Dev. St. Dev.
42.6 ± 15.1 0.042 ± 0.015
LNS 30 25 830 48.2 0.034
LNS 30 25 830 55.5 0.028
LNS 30 25 830 51.4 0.029
LNS 30 25 830 27.2 0.079
LNS 30 25 715 18.3 0.058
LNS 30 25 715 19.9 0.063
Ave. ± Ave. ±
St. Dev. St. Dev.
36.7 ± 15.3 0.049 ± 0.019
LNS 22 55 610 19.6 0.026
LNS 22 45 810 27.1 0.025
LNS 22 35 810 29.3 0.019
LNS 22 35 610 22.7 0.020
LNS 22 35 610 26.3 0.029
Ave. ± Ave. ±
St. Dev. St. Dev.
25.0 ± 3.5 0.024 ± 0.004
Table 5.4: Table of measured rotation rates of crystals in glass, categorized and averaged
in groups of the same glass composition.
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Figure 5.36: Variation of misorientation rate with laser scanning speed.
Figure 5.37: Variation of amplitude (A) and inverse length (b) parameters with glass
composition.
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Figure 5.38: Comparison of crystal growth in LNS 22, LNS 30, and LNS 34. Scale bar correspond to 50 µm.
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Figure 5.39: Variation of inverse length (b) with laser power. The data is taken from
the LNS 34 section of table 5.4 and only b values where the laser scanning
speed is 5 µm/s are considered.
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Chapter 6
Additional applications,
Conclusions, and Future Work
6.1 Additional applications
6.1.1 Study of Er-doped lithium niobate crystals in glass
Beyond their use as passive waveguides, it is important to add to the functionality of
laser-induced crystals in glass to maximize their usefulness in integrated photonics
applications. One method for increasing their functionality is to dope the glass with
rare earth ions. If the rare earth ions incorporate into the laser-induced crystal,
then it could be used as a laser medium. Previous work has shown that Er can be
incorporated into LaBGeO5 crystal upon fs laser-induced irradiation of LaBGeO5
glass [1]. It would be interesting to see if this can be extended to the LNS glass
system.
Bulk lithium niobate has been used as the precursor material for the fabrication
of laser devices, such as Er-doped Ti-indiffused waveguides [101]. While Er-doped
lithium niobate crystals in glass have been fabricated with a CW laser [20], this sec-
tion is the first report of Er incorporation into fs laser-induced lithium niobate. LNS
glass, LNS glass-ceramics, and lithium niobate crystals in glass were characterized
using CEES, lifetime measurements, and XAFS.
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CEES of Er
Glasses, glass-ceramics, and crystals in glass with varied Er concentration were stud-
ied using CEES. The actual Er concentration in the different glasses were reported
in table 3.3. The two which will be explored here are referred to as the “low” and
“high” Er concentration samples. CEES maps for the low Er concentration crystals
in glass and glass are shown in fig. 6.1. Figure 6.1 shows that Er indeed incorporates
into the fs laser-induced crystals in glass.
A comparison of the emission profiles at an excitation energy of 1.2657 eV for
crystals in glass made in the low and high concentration glass samples is shown in
fig. 6.2. The emission of the crystal in glass with higher Er concentration shows a
clear increase in broadening. What is also noticeable is a broad background in the
low concentration crystal in glass. Another work has shown that fs laser irradiation
induces nanoscale phase separation within LNS glass where there are crystalline
regions and silicon rich amorphous regions [28]. A possible explanation for the
presence of this glass background may be that the collection volume contains these
phase separated regions where some Er ions are present in the crystalline region,
while other Er ions are present in the amorphous region.
A closeup of the CEES maps for a glass-ceramic, crystal in glass, and bulk single
crystal are shown in fig. 6.3. The diagonal shape of the intensity profile in the crystal
in glass CEES is a result of fluorescence line narrowing, indicating the presence of
strain or impurities. The confinement of the crystal within the glass could produce
strain, and there may be impurities present within the crystal, such as silicon. It is
also apparent in fig. 6.3 that the crystal in glass shows a secondary peak neighboring
the most intense peak. This peak is also seen in the glass-ceramic and bulk single
crystal CEES maps and is an indication of a secondary incorporation site of Er into
the lattice.
Er luminescence lifetime measurements
The Er fluorescence lifetimes in glass, glass-ceramic, and crystal in glass were mea-
sured as described in sec. 3.6. The results are shown in figs. 6.4 and 6.5. The glass
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shows the highest lifetime since the lifetime is inversely proportional to the square
of the refractive index [102]. There is a reduction in the lifetime with increasing
concentration of Er. The reduction of the fluorescence lifetime in the crystals in
glass with higher Er concentration is consistent with the increased broadening of
the emission peaks for the crystals in glass with higher Er concentration seen in fig.
6.2.
Bulk Er-doped congruent LiNbO3 has been reported to have a lifetime around
2.9 ms [103]. The high Er concentration crystal in glass possesses a similar value
for the lifetime. The low Er concentration crystal in glass has a markedly longer
lifetime and the glass-ceramics also show an increase in lifetime compared to bulk
congruent LiNbO3. The measurement made here of the fluorescence lifetime for Er
in lithium niobosilicate glass is consistent with the values reported in the literature
for silicate glass (14.7 ms [104]).
The authors who outlined this method of measuring fluorescence lifetimes [70] at-
tributed the deviation of the fit at high chopper frequency to an assumption in their
calculation that the fluorescence from a previous cycle had diminished significantly
by the time the next pulse arrives. This would indicate that higher fluorescence
lifetimes would deviate significantly from the fit. However, the best fit in figs. 6.4
and 6.5 is clearly for the glass, which has the highest fluorescence lifetime. It is
important to note that the fit function utilized assumes a single exponential de-
cay. Thus, an alternative explanation for the deviation of the fit for the crystals
in glass and glass-ceramic data could be due to the fact that all of the fluorescence
for the particular excitation energy was fed into the photodiode. This comprises
several transitions, each with its own lifetime. As a result, the decay is not a single
exponential, and the fit function only approximately applies.
XAFS of Er
The goal of performing XAFS measurements was to probe the local structure around
Er within the glass and laser-induced crystal. The Er XAFS was measured in flu-
orescence mode using the L3 edge at 8.358 keV. The results of an XAFS spatial
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line scan are shown in fig. 6.6. From the absorption scan over energy, a smooth
background is subtracted, the x-scale is converted to wavenumber, and the back-
ground subtracted absorption is weighted by k2 to make the oscillations at higher
wavenumber equal in amplitude to those at lower wavenumber. The drawback to
this k-weighting is the amplification of noise. The background subtracted XAFS is
shown in fig. 6.7. A Fourier transform transfers this information into real-space,
shown in fig. 6.8. This data shows 3 distinct peaks between 1 and 4 A˚.
Comparing to the literature, other than the first neighbor, the XAFS results do
not appear similar to XAFS taken from Er in lithium niobate crystals deposited
through ion exchange [105]. The results do appear similar to XAFS results for Er
in lithium niobosilicate glass [106]. The first neighbor is O, and the two neighbors
after that appear to be Si. The difference in the data presented here as compared
to ref. [106] is the shift of the two Si peaks to lower radial distance over the course
of the spatial line scan. The scan was intended to be from glass into a crystal in
glass, but there was some difficulty in perfectly aligning the beam on the region of
interest. The most plausible explanation is that the shift of the Si peaks to lower
radial distance is due to the scan going from pristine glass into the heat modified
region, where the glass was likely densified.
6.1.2 Study of piezoelectric and ferroelectric properties of
lithium niobate crystals in glass
A defining property of ferroelectrics is that their spontaneous polarization can be
flipped by applying a sufficiently high external electric field. Thus far, crystals which
are ferroelectric in their bulk single-crystal form have been assumed to retain this
property as laser-induced crystals in glass. It is unclear whether confinement in the
glass would alter this property.
A preliminary attempt was made to pole the crystals in glass using a high voltage
supply and liquid electrical contacts (this equipment was described in ref. [1]).
However, the experiment was unsuccessful because this equipment was designed for
poling bulk single crystals. The likelihood of poling the crystals in glass can be
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significantly improved by using a piece of equipment that provides a high electric
field localized in the crystal in glass. This was accomplished through the use of a
piezoresponse force microscope in switching spectroscopy mode [74].
In addition to proving that the lithium niobate crystals in glass are ferroelectric,
another intriguing problem is to determine whether the piezoelectric properties of
the confined crystals in glass correlate with the crystal lattice orientation. This
has been shown to be the case for a confined crystallite of LaBGeO5 produced
through furnace heat treatment of LaBGeO5 glass [107], but no similar study has
yet been performed on laser induced crystals confined in glass. This question can be
addressed by combining lattice orientation information gathered from EBSD with
vector piezoresponse force microscopy [73].
Switching spectroscopy piezoresponse force microscopy of lithium niobate
crystals in glass
Thin samples (100 µm thickness) were prepared for the switching spectroscopy mea-
surements. For these samples, cross sections of the y-z plane (see fig. 3.8) were pol-
ished to the surface. Crystal cross-sections were chosen that had the c-axis pointing
perpendicular to the surface (c-axis parallel to the x-axis in fig. 3.8). With this con-
figuration, the electric field produced by the cantilever tip would be applied against
the direction of the spontaneous polarization depending on the sign of the voltage.
The results of the switching spectroscopy measurement are shown in fig. 6.9.
The amplitude, A (fig. 6.9(a)), and phase, φ (fig. 6.9(b)), of the piezoresponse are
tracked as a function of DC bias. These values can be compactly plotted as Acos(φ)
(fig. 6.9(c)). Hysteresis loops generated at several locations on the crystal in glass
are shown in fig. 6.9(d).
With no DC bias yet applied, the crystals in glass start in a state with net
polarization (circled in fig. 6.9(d)). After applying a high positive bias and returning
to zero voltage, the polarization has increased. As will be shown in the next section,
the crystals in glass in their virgin state possess domains oriented in both possible
directions. The increase in polarization after relaxing back from the high positive
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bias may then indicate that some of the oppositely oriented domains are flipped
during the high positive bias portion of the cycle.
With the application of a high negative bias, the polarization state is flipped.
Remarkably, when the bias is returned to zero from a high negative bias, there is no
net polarization. This is indicative of domain backswitching occurring as the voltage
is ramped to zero [108]. Backswitching can be mitigated by applying a high voltage
for a long enough time to allow the domains to stabilize. The backswitching observed
here may be the result of a high internal field due to defect dipole configurations in
the crystal in glass.
The results of fig. 6.9 show that lithium niobate crystals in glass are indeed
ferroelectric. An additional attempt at poling the crystals in glass was conducted
on a portion of the crystal cross-section where a grain was oriented with the c-axis
in the plane of the surface (c-axis perpendicular to the x-axis in fig. 3.8). It was
found that the spontaneous polarization could be flipped in this area as well. This
result seems counterintuitive, but it is important to recognize that the electric field
distribution produced by the cantilever tip is not the same as that of an electrode
plated on the surface. The electric field distribution of the cantilever tip contains
lateral components which are sufficiently high to induce switching.
Vector piezoresponse force microscopy of lithium niobate crystals in glass
Spatial mapping of the vertical and lateral piezoresponses of the crystals in glass was
also conducted. The goal was to observe a variation of the piezoresponse with lattice
rotation. As a proof of principle of the effect of lattice orientation on piezoresponse,
the piezoresponse was measured near a grain boundary, as shown in fig. 6.10. As
expected, when the c-axis of the crystal is perpendicular to the sample surface, the
vertical piezoresponse is high, and when the c-axis of the crystal lies within the
plane of the surface, the lateral piezoresponse is high.
With such a clear discrepancy in piezoresponse between two grains with the c-
axis in perpendicular configurations, the expectation would be that as the lattice
rotates from c-axis perpendicular to the surface to c-axis lying within the plane of
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the surface, the piezoresponse would gradually change. This was indeed observed,
as seen in fig. 6.11. As the c-axis rotates until it is parallel with the laser scanning
direction (the x-axis), there is a gradual reduction in the vertical piezoresponse. A
clear visualization of the change in the vertical piezoresponse with lattice rotation
is shown in the 3D picture in fig. 6.11(d).
It is interesting to note that there are regions of low piezoresponse at the center
of the crystal line in figs. 6.10 and 6.11. This may be attributed to phase separation
into silica regions and lithium niobate regions, as observed in ref. [28]. Regions
containing silica would show a drop in piezoresponse.
Low piezoresponse in the spatial maps can occur for reasons other than the
presence of amorphous regions. As seen in fig. 6.12, there is a high density of
areas with low piezoresponse within the crystal. When a higher resolution scan is
performed, as in fig. 6.13, the nature of these regions of low piezoresponse becomes
clear. In the piezoresponse amplitude map in fig. 6.13(a), close inspection of the
largest dark regions reveals that their centers are brighter than their edges. A
magnified image of some of these dark regions is shown in fig. 6.13(d). This type of
contrast in the amplitude maps is indicative of the presence of a ferroelectric domain
wall in the region of low piezoresponse. Looking at the piezoresponse phase map
in fig. 6.13(b), there is a stark contrast of these ferroelectric domains compared
to their surroundings. Thus, lithium niobate crystals in glass in their virgin state
exhibit domains at both possible orientations. These oppositely oriented domains
are present at the nanoscale.
6.2 Summary and Conclusions
6.2.1 Lithium niobate nanocrystals
It was observed that changing the initial stoichiometric ratio indeed varies the
resultant nanocrystal product. Initial stoichiometric ratios with ρ ≥ 55% pro-
duced uniform batches of spherical nanocrystals while batches with ρ ≤ 50% pro-
duced non-uniform collections of nanocrystals. Furthermore, the FWHM of the
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E(TO)2 was at a minimum for those batches with ρ ≥ 55%, indicating a near-
stoichiometric LiNbO3 nanocrystal product. Batches with the higher initial con-
centration of lithium to niobium (ρ ≥ 55%) also possessed an extra phase besides
lithium niobate. The 52 and 54% batches balance the avoidance of the extra phase
while producing high quality, near-stoichiometric nanocrystals and are thus most
suitable for application purposes.
6.2.2 Lithium niobate crystals in glass
Lithium niobate crystals in glass were induced by fs laser irradiation in a variety of
glass compositions. The intent of the project was to find conditions under which
single crystal lithium niobate could be grown as well as comparing the nucleation
and growth processes in each glass composition. The formation of a single crystal
involves the suppression of extraneous nucleation and suppression of the formation
of additional phases. These undesirable phenomena were found to be controlled by
the processing parameters (laser power, laser scanning speed, and composition).
It was observed that extra crystal phases besides lithium niobate could be formed
in crystal dots depending on the laser power. With increasing laser power, the extra
phase LiNb3O8 formed in the center of the crystal dots in the high temperature
region. At low enough powers, only lithium niobate formed. Thus, there is a
parameter space confinement due to the desire to eliminate the formation of crystal
phases besides lithium niobate.
An exploration of the parameter space of laser scanning speed and power density
for growing lithium niobate crystals within LNS 30 glass led to the identification of
parameters where virtually the entire crystallized volume was a single crystal. This
accomplishment eliminates the problem reported in other works of polycrystallinity
in a large percentage of the crystallized volume, which would be detrimental to
the potential waveguiding capabilities of the crystal line. A growth mode where
nucleation and growth of the crystal line occur upon heating and ahead of the laser
focus was established by optimally adjusting the parameters of laser power density
and scanning speed. This growth mode was confirmed by the radially symmetric
125
crystal lattice misorientation with respect to the center of the crystal. The observed
lattice misorientation continuing to the center of the crystal indicates a solid-solid
glass to crystal transformation has occurred. The formation of additional crystal
phases (such as LiNb3O8) sets up a temperature window within which to work,
and the lack of formation of LiNb3O8 in these single crystals supports the assertion
for a solid-solid transformation. The resultant graded index profile due to this
lattice misorientation would improve the crystal line’s waveguiding ability through
an enhanced mode confinement, reducing scattering at the crystal-glass interface.
The lithium niobate crystals in glass displayed a lattice rotation during growth
in addition to the radially symmetric misorientation profile. This rotation was
confirmed by spatial mapping of Raman spectra and EBSD. Both the rotation and
misorientation rates were studied across the parameter space of laser scanning speed,
power density, and composition. The misorientation rate was found to depend on
the laser scanning speed. This is a potentially useful result since the misorientation
rate will affect the degree of modal confinement in a graded index waveguide. While
there is a clear tendency for lattice rotation during crystal growth until the c-axis
aligns parallel with the laser scanning direction, correlating the measured rotation
rates to the parameters was less conclusive. There may be an indication that LNS
22 most easily nucleates a crystal that is already close to c-axis oriented before the
lattice rotation begins.
Besides the result immediately mentioned about LNS 22 nucleating a c-axis ori-
ented crystal most easily, other measurements point to the possibility that the nu-
cleation behavior between the different glass compositions does not vary too much.
Nucleation rates as measured by DSC showed no significant variation between com-
positions, and the times spent in pristine glass waiting for an initial crystal to nu-
cleate were comparable across compositions. It was found that LNS glass nucleates
much more quickly under laser irradiation as compared to LaBGeO5 glass.
In exploring crystal growth in the different compositions of glass, several behav-
iors were observed. First, for a fixed laser power, it was observed that the width of
the crystallized region reduces with increasing laser scanning speed. Second, there is
a threshold speed beyond which the crystal line displays extreme polycrystallinity.
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This extreme polycrystallinity shows the crystal growth rate is insufficient to keep up
with the laser scanning speed. This threshold speed varies with power, such that for
higher laser powers, the threshold laser scanning speed to extreme polycrystallinity
is increased.
The threshold speed at which the extreme polycrystalline growth mode occurs
also varies with composition. Thus, unlike the nucleation rate, the growth rate shows
a significant variation between compositions. The crystal growth rate is markedly
reduced in LNS 34 relative to LNS 22. This was evidenced by comparing crystals
grown at the same processing parameters (laser power and scanning speed) in each
of these glasses. LNS 34 was shown to reach the threshold to extreme polycrystalline
growth mode at much lower speeds.
To increase the functionality of laser-induced crystals in glass, the glass was
doped with Er in the hope that during laser-induced crystallization, the Er would
incorporate into lithium niobate. It was shown that Er was indeed incorporated
into the laser-induced crystals in glass. This was the first demonstration of fs laser-
induced Er-doped lithium niobate in glass.
Lastly, in an attempt to pole the crystals in glass, a PFM was deployed to
apply localized, high electric fields within the LiNbO3 crystals. The spontaneous
polarization of the crystals in glass was flipped when a high DC bias was applied to
the cantilever tip of the PFM, and polarization hysteresis loops were generated by
cycling the DC bias, proving that the crystals in glass are ferroelectric. Spatial maps
of the piezoresponse of the crystals in glass were collected as well. These maps, along
with data acquired through EBSD, confirmed that the piezoresponse correlates with
the lattice rotation of the crystals. It was also observed from these maps that the
as-grown crystals in glass are not mono-domain. Both domain orientations exist in
the virgin crystal in glass and can be resolved at the nanoscale.
6.3 Future Work
The following is a list of future work to be performed:
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1. Induce domain reversal in a lithium niobate crystal in glass using an electron
beam.
Since the lithium niobate crystals in glass have been proven to be ferroelec-
tric, the next step would be to engineer ferroelectric domain patterns along
the crystal in glass. Altering the orientation of the domains would open the
possibility for the crystals in glass to be used in quasi-phase matched nonlin-
ear interactions. Polarization reversal can be induced by an electron beam (as
discussed in app. C).
2. Use the spatial light modulator to manipulate the laser beam shape and create
different temperature distributions to affect crystal alignment.
The model for the crystal misorientation observed in lithium niobate single
crystals in glass (see sec. 5.4.1) was a solid-solid transformation of glass to
crystal where crystal nucleation and growth occurred on the leading end of
the scanning laser focus. The c-axis of lithium niobate was oriented parallel
to the temperature gradient, leading to the misorientation profile.
It would be interesting to alter the temperature profile through laser beam
shaping via a spatial light modulator to control the orientation of lithium nio-
bate crystals in glass. It may be possible to create a temperature distribution
which favors the orientation of the c-axis of lithium niobate perpendicular to
the laser scanning direction. Such an orientation would be desirable to al-
low access to the high r33 electro-optic coefficient for use in an electro-optic
modulator.
3. Simulate the temperature distributions for different laser intensity distribu-
tions.
Temperature profiles can be simulated for different laser intensity distributions
to see which beam profile is most conducive to allowing lithium niobate to
grow with c-axis perpendicular to the laser scanning direction. Actual crystal
orientations can be measured by EBSD and compared to the predictions made
by the simulation.
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4. Use other lithium and niobium containing glasses, such as phosphate and ger-
manate glasses, to see if the improved glass homogeneity allows the growth of
longer single crystal lithium niobate lines.
One limiting factor that restricts the growth of longer single crystal lines of
lithium niobate is the inhomogeneity of the silicate glass. Other lithium and
niobium containing glasses, such as germanate and phosphate glasses, may be
more homogeneous, allowing for unlimited growth of single crystal lines.
5. Ramp up the speed when making c-axis oriented single crystal lithium niobate
lines to see if the growth is prolonged.
Interruptions in crystal growth happened after the crystal in glass reached c-
axis orientation. One possibility for maintaining growth is to adjust the speed
once the c-axis orientation is reached. Using the rotation rates from sec. 5.4.3,
the approximate length to reach c-axis orientation can be calculated, at which
point the speed could be ramped up.
6. Match the Raman spectrum of remelted LNS glass by making glasses with dif-
ferent Li content.
Remelting the LNS glass to remove striations resulted in a remarkable change
in the Raman spectrum of the glass. This may be due to a composition change
(such as loss of Li) during the remelting process. To figure out the composition
of the remelted glass, several small batches of glass with varied Li to Nb ratio
can be fabricated. The Raman spectrum of each can be measured, allowing
for an identification of the composition of the remelted glass.
7. Deviate from 1 to 1 Li to Nb ratio to see if the composition of the laser-induced
lithium niobate crystals changes.
Bulk single crystal lithium niobate can be formed over a wide composition
range, with ferroelectric switching properties and defect content altered sig-
nificantly with composition. The glass forming region for LNS favors glasses
which have a Li to Nb ratio of greater than 1. Previous work has indicated
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that even when starting with a lithium rich glass, the composition of the
laser-induced crystal is lithium deficient [20]. This was concluded from the
broadening of the crystal-in-glass Raman modes. A limited composition range
was explored in ref. [20], so the stoichiometry of the laser-induced crystals in
glass can be further explored in other glass compositions.
8. Continue studying the lattice rotation of the crystal lines.
It is clear there is a lattice rotation during crystal growth until the c-axis
becomes parallel with the laser scanning direction. The sample size used to
study this effect was somewhat small. Further exploration of the rotation rate
in lithium niobate crystals in glass is needed. Additional work should also
clarify if there is a preferential lattice orientation that the crystal starts at
before it begins rotation towards c-axis parallel to the laser scanning direction.
9. Use the 488 nm laser to perform Raman and luminescence spatial scans of
crystals in glass.
As was performed in ref. [1] for Er-doped LaBGeO5 crystals in glass, si-
multaneous spatially resolved luminescence and Raman spectroscopy can be
performed with a confocal microscope and 488 nm laser. These scans would
allow strain and luminescence to be spatially correlated.
10. Construct a rudimentary electro-optic modulator.
Lithium niobate crystals in glass display a tendency to align with the c-axis
parallel to the laser scanning direction. This eliminates the use of the r33
electro-optic coefficient. However, there are other electro-optic coefficients
which can be utilized in this configuration. If a single crystal of sufficient
length (1 or 2 mm) can be grown, a rudimentary electro-optic modulator can
be constructed.
One idea is to deposit electrodes on each side of the crystal line and place
crossed polarizers on opposite ends of the line. Another possibility is to create
an interferometer with two arms that fork and rejoin. The electrodes can be
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deposited on one of the arms, and the output signal of the interferometer can
be modulated by adjusting the electrode voltage. The interferometer can be
made by using a spatial light modulator to dynamically split the laser beam
into two foci during the crystal growth and then rejoin them. The impact on
the waveguiding abilities of the crystals in glass due to the presence of silica
regions within the crystals (figs. 6.10 and 6.11) remains to be determined.
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Figure 6.1: CEES map for low Er concentration (a) lithium niobate crystal in glass and
(b) lithium niobosilicate glass.
Figure 6.2: Emission profile at excitation energy 1.2657 eV for high and low Er concen-
tration lithium niobate crystals in glass.
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Figure 6.3: Close up on CEES map for glass-ceramic, crystals in glass, and bulk single
crystal lithium niobate for low Er concentration. Bulk single crystal CEES
courtesy of Andrew Helbers.
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Figure 6.4: Er lifetime measurements for low Er concentration.
Figure 6.5: Er lifetime measurements for high Er concentration.
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Figure 6.6: Results of a spatial line scan in the vicinity of a crystal in glass where the
XAFS of the Er L3 edge was collected.
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Figure 6.7: Er L3 edge XAFS for each position in the spatial line scan, as a function of
wavenumber, k, and weighted by k2.
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Figure 6.8: Fourier transformed Er L3 edge XAFS for each position in the spatial line
scan.
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Figure 6.9: Hysteresis loops of (a) piezoresponse amplitude, A, (b) phase, φ, and (c) Acos(φ) collected at one location
on a lithium niobate crystal in glass. (d) Polarization hysteresis loops generated at many locations on a
lithium niobate crystal in glass.
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Figure 6.10: (a) X-axis and z-axis IPF maps of a crystal line (composition: LNS 34, laser power: 415 mW, laser
scanning speed: 5 µm/s) with the region of interest scanned by the PFM contained in the white box. (b)
Map of the surface roughness. (c) Map of the lateral and (d) vertical piezoresponse amplitudes of the
crystal.
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Figure 6.11: (a) X-axis and z-axis IPF maps of a crystal line (composition: LNS 34, laser power: 415 mW, laser
scanning speed: 5 µm/s) with the region of interest scanned by the PFM contained in the white box. (b)
Map of the surface roughness. (c) Map of the vertical piezoresponse amplitude of the crystal along with a
(d) 3D map of the same region.
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Figure 6.12: (a) Map of the vertical piezoresponse amplitude of a crystal line (compo-
sition: LNS 30, laser power: 830 mW, laser scanning speed: 25 µm/s), and
a (b) map of the surface roughness.
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Figure 6.13: (a) Map of the vertical piezoresponse amplitude of a crystal line (composition: LNS 30, laser power: 830
mW, laser scanning speed: 25 µm/s) along with a (b) map of the phase of the piezoresponse. (c) Map of
surface roughness. (d) Magnification of the region within the red box in (a) and (b).
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Appendix A
Nb XAFS
To study LiNbO3 crystals in LNS glass at the Brookhaven National Lab’s National
Synchrotron Light Source II (NSLS II) 5-ID beamline, offering sub-micron resolu-
tion x-ray absorption spectroscopy, samples had to be prepared at the appropriate
thickness for transmission measurements. The spatial resolution of the beamline is
0.5 µm (high flux mode) or sub-100 nm (high resolution mode). The energy range
for the beamline is 4.65 to 25 keV, meaning the only element that could be inves-
tigated at this particular beamline for this crystal in glass system was Nb since its
K-edge lies at 18.986 keV.
Depending on what element within the sample is being probed, the sample thick-
ness must be tailored appropriately for transmission measurements [71]. The trans-
mission of x-rays follows the Beer-Lambert law, so to calculate the optimal sample
thickness, the attenuation coefficient needs to be tabulated. This can be calculated
with knowledge of the density of the sample, the mass absorption coefficient at the
x-ray energy for each element in the sample, and the molar mass of each element.
Rather than perform the calculation each time by hand, it is easier to use Hep-
haestus [109], a piece of software apart of the x-ray absorption spectroscopy software
package Demeter. Samples should be prepared with thicknesses of 1 to 3 absorption
lengths [71]. Thus, for Nb in LNS glass, the sample thickness should be around 100
µm. Samples of this thickness were prepared by polishing with progressively finer
grits of polishing paper.
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Shown in fig. A.1 is the XAFS for Nb in bulk single crystal congruent lithium
niobate using fluorescence and transmission mode. Figure A.1 also shows XAFS for
Nb in a metal foil using fluorescence mode. A comparison of the Nb XAFS for the
glass and bulk single crystal congruent lithium niobate using transmission mode is
shown in fig. A.2. From fig. A.1, it is clear the superior method for measuring XAFS
of Nb at the 5-ID beamline is via transmission mode. While the energy range for
the 5-ID beamline is 4.65 to 25 keV, the flux drops considerably at the high energy
end of this range, leading to the weak contrast in XAFS for fluorescence mode.
The 5-ID beamline was not completely operational at the time of the experi-
ments, so the sub-100 nm spatial resolution was not available for EXAFS. Transmis-
sion mode is clearly the superior method for measuring Nb XAFS at this beamline,
so future work would include a scan of the crystal glass interface using sub-100 nm
spot size in EXAFS transmission mode.
An alternative beamline at Brookhaven National Lab’s NSLS II to explore the
LNS crystal in glass system is the 8-BM Tender Energy X-ray Absorption Spec-
troscopy line. The energy range for this beamline is 1 - 8 keV. This would allow the
exploration of both Si and Nb. The K-edge of Si lies at 1.839 keV and the L-edges of
Nb lie between 2.3 and 2.7 keV. While the energy range of this beamline is suitable
for exploring two elements at once in the LNS system, there is a cost to the spatial
resolution, which is tunable within a range of 1 to 100 µm.
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Figure A.1: Nb K edge XAFS of bulk single crystal congruent lithium niobate and Nb
foil.
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Figure A.2: Nb K edge XAFS of bulk single crystal congruent lithium niobate and LNS
30 glass.
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Appendix B
Comparison of experiment and
theory on frequency shift of
Raman modes in lithium niobate
In “Frequency shift of Raman modes due to an applied electric field and domain
inversion in LiNbO3,” by Stone et al. [110], the Raman modes of LiNbO3 were found
to respond linearly to the electric field (i.e. ω(E) = ω0 + βE), so the frequency shift
∆ω = βE.
Shifts in the frequency of the Raman modes are expected due to strains within
the crystal structure either by mechanical pressure or electric field. Another work
by Pezzotti et al. [111], “Quantitative investigation of Raman selection rules and
validation of the secular equation for trigonal LiNbO3,” conducted a quantitative
investigation into these frequency shifts. They related the strains within the crystal
to the frequency shifts via phonon deformation potential (PDP) constants, which
arise from the perturbation of the crystal’s potentials. Their work concluded with a
couple of methods for determining the PDP values (they refer to one as the ball-on-
ring method and the other as the indentation crack tip method). It is interesting
to compare theory and experiment by taking the PDP constants and the expected
strains due to the electric field and seeing if the results found by Stone et al. could
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be corroborated by Pezzotti’s findings.
Since LiNbO3 is piezoelectric, there is a linear relation between the deformation
of the crystal and the applied electric field, given by:
11
22
33
223
213
212

=

0 −d22 d31
0 d22 d31
0 0 d33
0 d15 0
d15 0 0
−2d22 0 0


E1
E2
E3

where ij are the strains and dij are the piezoelectric strain coefficients.
Stone applied an electric field along the ferroelectric (c) axis, so the equation
above simplifies considerably where only the principle axes experience strain:
11 = d31E3 , 22 = d31E3 , 33 = d33E3 (B.1)
Pezzotti used perturbation theory to determine the Raman frequency shifts, and
those shifts are given as functions of strain:
∆ωA = aA(11 + 22) + bA33 (B.2)
∆ωE = aE(11 + 22) + bE33 ±
√
(cE(11 − 22) + dE12)2 + (cE12 + dE23)2 (B.3)
where aA, bA, aE, bE, cE, dE are phonon deformation potential constants.
The epsilon values are related linearly to the applied electric field, so the shift
in frequency also responds linearly to the electric field, as experimentally found by
Stone et al.
There is a clear discrepancy, however, between the expected rates of shift and
what is experimentally observed. Substituting equation (1) into equations (2) and
(3) reveals the expected rate of shift:
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∆ωA = βAE3 =⇒ βA = 2d31aA + d33bA (B.4)
∆ωE = βEE3 =⇒ βE = 2d31aE + d33bE (B.5)
Values for d31 and d33 for LiNbO3 can be obtained from the literature [112–114].
The values of d31 and d33 for refs. [112] and [113] are consistent with each other, so
their values will be used to calculate the expected rate of shift.
The following table reports the theoretical and experimental values for the rate
of shift for three Raman modes that were investigated in both papers: 876 cm−1 (A
mode), 445 cm−1 (E mode), and 582 cm−1 (E mode).
Mode Experimental Theoretical
876 cm−1 (A) −0.003± 0.001 0.00133± 0.00016
445 cm−1 (E) 0.011± 0.001 0.00122± 0.00030
582 cm−1 (E) −0.027± 0.001 0.00123± 0.00022∗ , 0.000435± 0.00059∗∗
Table B.1: Rate of Raman shift in cm
−1
kV/mm (* ball-on-ring, ** indentation crack tip).
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Appendix C
In-situ Raman spectroscopy of
domain inversion and electric field
buildup via electron beam
bombardment in lithium niobate
C.1 Motivation
After creating waveguiding structures of single crystal LiNbO3 in glass, it would be
useful to form periodic ferroelectric domain patterns along the waveguide for nonlin-
ear frequency conversion applications such as frequency doubling. One such method
for inducing these domain patterns is via electron beam induced domain reversal.
It would be helpful to use Raman spectroscopy during electron beam irradiation of
LiNbO3 to detect electric field buildup and determine when polarization reversal has
occurred. Collecting Raman scattered light while the electron beam is active could
allow for an in-situ, real time method for observing electron beam induced domain
reversal, which would help in designing arbitrary patterns of ferroelectric domains.
Writing domain patterns with the electron beam of a SEM on bulk samples of
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LiNbO3 provides the advantage of the high spatial resolution of the domain struc-
tures that can be attained compared to methods like electric field poling with pat-
terned metal electrodes. Domains through 0.5 mm thick samples with high aspect
ratio have been developed, with domains down to 2µm [115] and 200−500 nm [116]
in size. Stripes of domains of sub-µm width have also been achieved in LiNbO3 thin
films a few µm thick on substrates of LiNbO3 and LiTaO3 [117]. However, deter-
mining the success of the beam parameters and appearance of the domain patterns
requires removing the sample from the vacuum environment of the SEM’s specimen
chamber and using chemical etching and microscopy methods to visualize the do-
mains. In-situ Raman spectroscopy allows for real-time measurement of the sample
while the electron beam is active. The buildup of electric fields due to the injected
charge and domain inversion under sufficiently high field strengths can be detected
as shifts in the Raman modes. This method could be used to reliably determine
when domain inversion has occurred.
C.1.1 Raman spectroscopy during electron beam irradia-
tion of bulk single crystal lithium niobate
A JEOL JSM 6400 scanning electron microscope was used to irradiate the c- face
of LiNbO3, the face from which the spontaneous polarization points away. The c-
face is irradiated because the injection of negative charges on this side creates an
electric field opposite to the spontaneous polarization, which can then induce polar-
ization reversal [118]. Parameters which affect the size and shape of the resulting
domains are accelerating voltage, current, and charge density/dose [115, 117–123].
The results of the different works can sometimes be conflicting, and overall, seem to
imply a wide parameter space within which to work. For example, one work claims
the finest resolution domain structures were found at a high accelerating voltage of
30 kV [119], while another work asserts a low accelerating voltage of 10 kV provides
the best spatial resolution due to the smaller interaction volume of the electrons
within the specimen [118].
Previous work has shown using a ground electrode on the c+ face lessens the
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chance of cracking on the c- face, so before irradiating the sample, a roughly 30 nm
thick electrode of gold-palladium was deposited on the c+ face. The sample was
attached to an aluminum plate with conducting carbon tape, and the plate was
mounted on a nanopositioner.
It is crucial to make sure the electron beam spot and the collection area of the
microscope overlap. If they do not overlap, it may be that the electron beam is caus-
ing domain reversal but not in the part of the crystal from which the microscope is
collecting Raman scattered light. A cathodoluminescent sample such as rare earth
doped gallium nitride can be used for the alignment. With the laser excitation
turned off and electron beam turned on, the microscope collects cathodolumines-
cence if the collection area of the microscope is within the region the electron beam
rasters over. To begin with, the electron beam is swept over a large section (several
mm2) of the cathodoluminscent sample, and luminescence is found within a small
area. It must be that the collection spot lies within this small area. Zooming in
to that location, the process is begun again where the electron beam is swept over
the smaller area, further narrowing down the location of the collection spot. After
the alignment is complete, the LiNbO3 sample can then be positioned under the
electron beam and microscope.
A trial experiment showing a shift in the center position of the E(TO)1 Raman
mode of LiNbO3 due to electron beam exposure is displayed in fig. C.1. The electron
beam current was set to 2.8 nA for this measurement. During the experiment, the
center of mass of the E(TO)1 mode was tracked to detect shifts in energy. Lorentzian
curve fitting was done after the fact, and displayed in fig. C.1 are the center and
amplitude parameters over time for the E(TO)1 mode. At the time the electron
beam was turned on, the center of the mode shifts towards lower energy. Since the
c- face is being irradiated, the external electric field due to the injected electrons
is anti-parallel to the spontaneous polarization. Previous work has shown that an
electric field along that direction would result in a shift of the E(TO)1 mode toward
lower energy [110], so the result shown in fig. C.1 is consistent with the results
reported in that work. As the amount of charge diminishes, the electric field is
reduced, and the shift relaxes. The center positions of Raman modes in LiNbO3
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vary linearly with the applied electric field and have been precisely determined for
LiNbO3 [110]. Thus, the Raman shift can be correlated to the magnitude of the
electric field created by the injected charge. However, it is not clear how much of
the collection volume was subjected to the electric field of the injected electrons. A
multi-mode collection fiber was used in this particular experiment, and it remains
to be figured out the area over which the fiber collects and adjust the electron beam
spot size to fit this collection area.
No significant difference was found between the center of the peak before and
long after the electron beam exposure, implying domain inversion does not appear
to have occurred. Upon inspection of the sample, cracks and stress were seen near
the electron beam impact point with a few small domains of about 5 µm in size
formed along a 100 µm crack.
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Figure C.1: E(TO)1 mode center parameter (left axis, top plot) and amplitude param-
eter (right axis, bottom plot) values versus time; the gray area displays the
time during which the electron beam was on.
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